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(This abstract  Is Unclassified) 

ABSTRACT 

Pyrolytic graphite coatings have been found to be highly erosion 
resistant under severe rocket nozzle conditions.    The objective of this 
progr un was to demonstrate the feasibility of such coatings for nozzles up 
to 2.3-inch diameter in firings at 700 psi with a 6550oF propellent. This 
objective was accomplished. 

Stress analyses and thermal analyses were carried out in support 
of the design,  fabrication, and motor testing of nozzles of both 1.1-inch 
and 2.3-inch diameter.    Thermal analysis  indicated  the potential of pyrolytic 
graphite coatings for  lightweight nozzle designs.    The results of the stress 
analyses for coated composites were correlated with experimental evidence of 
delamination cracking in the coatings.    Critical stress levels were identi- 
fied for both ratiial tension in the coating and axial tension in the substrate 
The deposition process was improved to produce crack-free coatings 50-mil 
thick on conventional graphite substrates and  100-mil thick oh a fibrous 
graphite substrate. 

i 

Nine motor  firing tests were made and good performance, was demon- 
strated with both subscale and full-scale nozzles.    The presence of micro- 
scopically observed delamination cracks was found  to destroy the integrity 
of pyrolytic graphite coatings during nozzle service.    For coatings without 
major cracks coating integrity was achieved, however, and erosion rates of 
acceptable magnitude were measured for subscale nozzles for durations up to 
about 40 seconds.    In full-scale nozzles satisfactory erosion rates were 
measured for firings of durations up to 60 seconds.    Optimization of the 
coating to provide minimum erosion rates should result in still further 
performance improvements. 

To test the restart capability of pyrolytic graphite coated nozzles, 
one subscale insert was re-fired successfully as an added task to the original 
program.    This added task is described completely in the Addendum at the end 
of the report.    Performance was completely normal and no cracking or delamina- 
tion occurred.    Pyrolytic graphite coated nozzles should be considered as 
good candidates for multiple firing cycle requirements. 

ill 
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1.0 INTRODUCTION 

Pyrolyt-'c graphite is a unique form of graphite produced by vapor 
deposition of carbon from a carbonaceous source gas on a heated substrate. It 
exhibits excellent erosion resistance when used In uncooled nozzles for solid 
propellant rockeo motors. Its high density, essentially zero permeability, 
and coriplete absence of a binder phase are believed to explain this exceptional 
serviceability.  Subscale rocket motor tests of pyrolytic graphite coated 
nozzles of l/2-iuch throat diameter carried out previously at Atlantic Research 
Corporation have shown that consistently good performance can be achieved in 
nozzle service with propellants having flame temperatures from 56OO F to 
6550 F.  (Ref. 1) The higher the flame temperature and the motor operating 
pressure, the higher the eros-t-m rate observed for pyrolytic graphite. To 
illustrate the high erosion resistance of pyrolytic graphite coatings, 1/2- 
inch diameter nozzles fired with 6550 F propellant have shown average erosion 
rates of the order of 0.5 mil/sec at 700 psi motor pressure. Llralted tests 
with 1-lnch diameter nozzles with a 6000 F propellant have also shown low 
erosion rates but the problems of scale-up have not been previously investi- 
gated sufficiently. 

The lowest chemical reactivity can be achieved by using pyrolytic 
graphite as a coating so that the layer plane surfaces are exposed to the pro- 
pellant combustion gas environment. However, to use the coating orientation, 
the difficulties and problems Involved in maintuing coating integrity, which 
are common to all coating systems, must be accepted and solved. The aniso- 
tropic properties of pyrolytic graphite make the problem of maintaining coating 
integrity more severe than usual. Residual stresses are unavoidably built 
into the coating during the deposition process. The exposure of a pyrolytic 
graphite coating to the thermal shock conditions of nozzle service may also 
lead to coating compromise. 

To circumvent the problems of maintaining coating Integrity, many 
nozzle designers have resorted to the use of edge-oriented pyrolytic graphite 
in the form of stacked discs or washers. However, depending upon the heat 
sink capacity of the nozzle design and the severity of the service conditions, 
it has been found that edge-oriented pyrolytic graphite erodes up to several 
times faster than a good coating of pyrolytic graphite. A pyrolytic graphite 
coating is a good thermal Insulator and coated nozzle inserts do not depend 
upon heat sink capacity to perform satisfactorily. Thus, a pyrolytic ßraphite 
coated nozzle can be designed for minimum volume and minimum weight. The 
potential exists, therefore, using pyrolytic graphite coatings, to prepare 
a nozzle of superior performance capabilities as well as minimum weight. 

Previous work has been carried out to evaluate pyrolytic graphite 
coatings made by several suppliers (e.g., Ref. 2 and 3), but no definitive 
and systematic study of the feasibility of pyrolytic graphite coated nozzles 
of reasonable size and for severe motor operating conditions has been reported. 
Such a feasibility demonstration was the principal objective of this program. 
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To investltmte the feaolbillty and the performance capabilities 
of pyrolytlc graphite coated nozzleu for aolld propellnnt rocket motors 
operating under severe conditions, the current progre consisted ot  the 
detailed analysis, fabrication and motor testing of a group of nozzles with 
an advanced propellant of 6550 F flame temperature. Five suoscale nozzles 
of 1.1-lnch nominal throat diameter for an 1100-lb thrust motor and four 
fullacale nozzles of 2.J-lnch nominal throat diameter for a k600--lh  thrust 
motor were fabricated and motor tested. The preparation of the coated 
nozzle Inserts, the fabrication of the test nozzles, and the rocket motor 
teat of these units were all carried out at the facilities of the Atlantic 
Research Corporation. This report describes in detail the work carried 
out and the results achieved in this program. 
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• 

GUM4ABY AND CONCLUSIONS 

The prlncipnl objective of this program wau to deraonatrate the 
feasibility of pyrolytlc graphite ccatlngu for uncouLcd nozzle oervice under 
severe operating conditions.  Based on prior work In the fiel^, it was 
apparent that a pyrolytlc graphite coating represented a hip.ily erosion 
resistant nozzle material. The utilization of this material, however, 
required a demonstration that coatings of suitable quality and Integrity 
could be prepared and could perform successfully in rocket motor firings. 

To accomplish this objective, both thermal and stress analyses 
were completed to aid in the design of the test nozzles and to aid in the 
understanding of their behavior during tests. Deposition studies were carried 
out to demonstrate that suitably coated Inserts could be prepared for fabri- 
cation of test unitu for the motor firing program. Rocket motor tests of 
both subscale and fullacale nozzleo were performed using a 6550 F flame 
temperature propellant at a nominal motor pressure of 700 psi. The motor 
firing program culminated in a demonstration of the ability of pyrolytlc 
graphite coatings to withstand firings in excess of 60 seconds at high 
chamber pressure. 

A number of interesting conclusions can be drawn from this program. 
The thermal analyses illustrated the unique insulating properties of pyrolytlc 
graphite coating and provided design data for the successful fabrication and 
test of the nozzles built on this program. The stress analyses provided 
data on the residua? stresses in composite bodies consisting of a pyrolytlc 
graphite coating and the substrate upon which it was deposited. These data 
were net previously available in the literature. The effect of pyrolytlc 
graphite coating thickness, substrate thickness, substrate radius, and sub- 
strate properties were Illustrated by stress calculations. Based upon the 
stress calculations and the experimental evidence gathered in the deposition 
work, it was concluded that both the radial tensile stress in the pyrolytlc 
graphite coating and the axial stress in the substrate material are critical 
in causing flaws in the coating. 

In the deposition studies, it was determined that delamination 
cracking is the most coramon failure mode from residual stresses in pyrolytlc 
graphite coated composites. For a given substrate material, delamination 
cracking occurred at similar coating thicknesses for both the subscale 
nozzles (1.1-inch diameter) and fullscale nozzles (2.3-inch diameter). This 
behavior indicates that critical stress factors may result both from the 
aniaotropic nature of the pyrolytlc graphite and from mismatch between the 
coating properties and the substrate properties. Control of delamination 
cracking was achieved both through deposition process control and through 
selection of the substrate material. Crack-free coatings of about 50 mil 
thickness were successfully prepared on conventional graphite substrates of 
both subscale and fullacale dimensions. Much thicker crack-free coatings 
were prepared on a low modulus, fibrous graphite substrate.  Correlation of 
the calculated stress levels and the experimentally observed cracking was 
achieved. 
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Nine motor firing tests (five subscale nozzles and four full scale 
nozzles) were made with a 6550 F propellent at 700 psl motor pressure. 
Excellent performance was demonstrated for both subscale nozzles  (erosion 
rates from 0.55 to 0.64 mil/sec) and fullscale nozzles  (erosion rates from 
O.73 to 1.19 mil/sec).    The higher erosion rates were measured for coatings 
on flbrou» graphite substrates probably because of a greater tendency to 
form nodules In these coatings and the local flaws associated with nodules. 
The extent of coating deterioration and loss correlated with observed pre- 
firlng delamination cracka.    Three    coatings which contained known delamlnatlon 
flaws (two subscale and one fullscale Insert) prior to firing were all 
destroyed during motor test.    Of six coated Inserts without observable major 
flaws, only one subscale unit suffered a complete loss of coating.    Coating 
retention was demonstrated in the other five tests of inserts without cracks; 
four of these successful tests were consecutive in the latter portion of the 
program.    Calculated stress values for both radial coating stress and axial 
substrate stress were correlated with the observed delamination cracks.    The 
value of the pre-flring microscopic examination of the coating edges as a 
quality control procedure was clearly demonstrated by the program results.   (C) 

Post-firing microscopic examination of the coating on several 
Inserts showed no deterioration of the remaining coating.    This indicates 
that pyrolytlc graphite coatings are a good candidate for restart nozzle 
applications.   (U) 

The feasibility of pyrolytlc graphite coatings for use in uncooled 
nozzles for advanced solid propellent motors was demonstrated by the results 
at this program, but several areas are recommended for further study to 
optimize the coating performance and to advance the development of such 
nozzle assemblies.    Stress analysis work should be extended to confirm the 
critical allowable stresses in coated composites and to optimize the control 
of these critical stresses.    Deposition work should be aimed at the preparation 
of optimum quality coatings and the correlation of erosion resistance with 
mlcrostructure.    Repetitive motor firings of coated nozzles is recommended to 
demonstrate the indicated utility of pyrolytlc graphite coatings for this 
type of duty cycle.    Additional motor tests could provide experimental data 
for the correlations sought in further stress analysis and deposition process 
study.   (U) 

4 
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j.O    ANALYCIG AND DKGKJN 

A.     GKNKRAL 

II la Important In Uu? evaluation of nozzle routerlalfl that the 
proper dcuigu bo uaed for each  teot unit.    When  the objectives lo to evaluate 
the porformnnce capability of the nozzle material,  any ohort-comlng of the 
deolgn which compromlsea thla performance 1B nlaleadlng and undeolrable. 
To aid In the deolgn of the teat nozzle«, both thermal analynlB and utreou 
calculatlono were carried out.    Thermal analyulc wau carried out to determine 
the temperature history of the nozzle utructure and to aocure that thermal 
failures would not occur.    The atreau calculationa carried out dealt with 
the residual streasea involved in the pyrolytic graphite coated insert. 
All of the teat nozzle;; were constructed with ho».vy-weight teat hardware 
to provide the maximum data on the nozzle inaerta within  the limited budget 
of the program.    Design and optimization of a flight-weight nozzle were 
beyond the acope of this program» 

Both the thermal analysis and the r.treaa analysis calculationa 
are diacuoaed in aome detail in this aection becauue  the roaulta of theae 
calculationa indicate aome of the unique propertio:; of pyrolytic graphite 
coateu nozzlea.    The thermal, analysis Indlcatea the potential for minimum 
weight nozzlea offered by pryolytic graphite coatlnga.    The atreaa analyoia 
indlcatea the nature of the problema faced In preparing flaw-free coatingo 
of deaired dlmenaion and in maintaining coating integrity during oervice. 

B.    THERMAL ANALYTIC 

Pyrolytic graphite is an excellent thermal Insulator in the direction 
normal to the depooition layer planea.    When uaed au a coating thio inaulatlng 
property leada to a rapid riae  in aurface temperature,   large temperature 
gradients acroas the coating thickness,  and a algnlflcant reduction in the 
heat tranamitted through the coating to the nozzle atructure.    The high aurface 
temperature and large thermal grodionta acroaa the coating produce very 
oevere oervice condltiono for the pyrolytic graphite, but,  if the coating can 
withstand theae conditiona, the reduction in heat tranomlaaion through the 
coating makeo pooaible a very light-weight nozzle ayatem.    Thla characterlotlc 
le a distinct advantage for pyrolytic graphite coatlnga over conventional 
heat sink nozzles. 

To predict the temperat-ve history at several pointa in selected 
nozzle designs, a seriea of thermal analysea was carried out.    Several cases 
were selected to provide a parametric atudy of the effect of coating thickness, 
substrate thickneoo, and Insulating thickness for both the subscale and full- 
scale nozzles.    The thermal analyoeo were performed with existing programs 
on a Burroughs 220 and an IBM 7090 computer.    Theoe programs utilize finite 
difference methods to calculate the transient radial conduction in axisynimetrlc 
cylindrical geometry and Include the following features: 
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(1) Conve.-tlve heat  l.put- nl  the una surface la based on Hartz, 
correlation trancfer coefficients and gan recovery t,emi)erature. 

(2) Radiative heat, transfer at   the gau surface it; baced on the 
particle cloud and surface emiü.;ivltle^ and  the ga^ free-utreajn   .emperature 
(i.e.,  no temperature lag In the condensed phase). 

(j)    Temperature dependent, thermal properties are used ao needed 
for each material in the composite structure. 

(k)    An adiabatlc rear wall condition la assumfed.     Kactoru 1 and 
k are conventional acßumptioriü generally made  In all thermal analysis programs. 
The refinements of the program used in this study are the inclusion of tem- 
perature dependent thermal properties and the  inclusion of radiative heat 
transfer between the nozzle surface and the propellant exhaust stream.    The 
latter factor is quite important for long term firings when the surface 
temperature of the nozzle approaches a steady state value.     If radiative 
heat transfer is  ignored,  significant error may exist in the calculated 
surface temperature.    The use of a program for axlsyrametric cylindrical 
geometry Is also extremely desirable for nozzles  jf moderate diameter. 

Calculations of the temperature histories were made for both 
subscale and fullscalo nozzle;; at the nozzle throat location and at one 
upstream position in the nozzle Inlet region.     At the throat location,   the 
coniposite structure consisted of pyrolytlc graphite coating,  graphite substrate, 
carbon back-up  insulation,  and steel structure.    An edge-orionted pyrolytlc 
graphite plate was used Just upstream of the coated insert in the experimental 
nozzles to protect the leading edge of the coated section.    Thus,   the thermal 
analyses in the inlet region were nutde for a composite consisting of edge- 
oriented pyrolytlc graphite,  a baked carbon insulator,  and the steel structure. 
In all calculations ATJ graphite was taken as the substrate material and 
baked carbon,  which was used in all of the test nozzles,  was taken as the 
insulation and back-up material.    In each case,  a standard thickness of 3/Ö 
inch was used for the steel nozzle stiucture. 

A total of fifteen cases were analyzed.    The dimensions of each 
configuration selected for analysis are shown in Table I.    The dimensions 
used for thermal analyses covered a range of dimensions anticipated to cover 
those used in actual experimental nozzle designs.    The data calculated for 
each case are summarized in tabular form in Appendix A.    The reader may refer 
to then«? data for any detailed comparisons desired.    Colected data are 
discussed and compared In the following paragraphs to illustrate key features 
of pyrolytlc graphite co'ited nozzles. 

Several Interesting facts may be noted by examining the predicted 
temperature historlea.    First,  the very strong effect of the insulating nature 
of the pyrolytlc graphite coating is apparent from the rate at which heating 
of the nozzle occurs at the throat region compared to a nozzle without the 
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TabUI. DlMnaioM of Nosslit S«Uct«d for Thonwl Analysis. 

A.    Throat locaeloa:    1.100H Chrosc dlaMtar; 4.7S0N outs Id« dlaastsr; 
stsal thlcknass 3/|N 

» 

*** 

Pyrolytlc Grsphlt«    Grsphlta          Graph its/Carbon Carbon 
Coating Thlcknass   Thlcknass    Intarfsca Dianatar Thlcknaaa 
 ism itashl tlnch) (Inch) 

A-l                           0                      0.700                     2.500 0.73 

A-2                           0                      0.950                     3.000 0.30 

4-3                        30                     0.670                    2.500 0.75 

A-4                        30                     0.920                    3.000 0.S0 
4-3                        «0                     0.640                    2.500 0.75 
4-6                       60                    0.890                    3.000 0.50 

Threat location:    2.300M threat dlaaatar; 6.250" outslda dlaaatar; 
ataal thlcknaaa 3/iN 

Pyrolytlc Graphite    Graphita          Graphite/Carbon Carbon 
Coating Thlcknass   Thlcknaaa    Interface Dlanatar Thlcknaaa 

(mil)                (inch) ÜBfilÜ  (^Pch) 

B-l                          0                     0.850                    4.000 0.75 

i-2                          0                      1.100                    4.500 0.50 

B-3                        43                     0.805                    4.000 0.75 

1-4                        43                      1.035                    4.500 0.30 

B-7                        43                     0.805                    4.000 1.125b 

C. Inlat locationt    1.840" dlaaMtar (1.100" throat); ataal thlcknaaa 3/8" 

Pyrolytlc Graphite                    Carbon Outalda 
Plate Web Thlcknass                 Thlcknass DlaaMtar 

Cj" Wo.                             (inch)                                (tqfffr) -Üßchi. 
C-l                                0.830                              0.50 S.2S0 

C-2                                  0.830                                0.875 6.000 

D. Inlet Location!    3.340" dlaaMtar (2.300** threat); atael thlcknaaa 3/8" 

Pyrolytlc Graphite                  Carbon Outalda 
Plate Web Thlcknaaa               Thlcknass Dlanatar 

Ci»> No.                            (inch)                              (inch) (iftM 

D-l                                0.855                              0.625 7.230 

D-2                                  0.855                                1.000 8.000 

a«   laaulta of these cases are found In Appendix A. 

b.   Outalda dlaaMtar for case B-7    -   7.000" 
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pyrolytlc graphite coating. (P'lgure l) This insulating property of the 
coating leado to the predicted very rapid rise in surface temperature. Just 
how rapidly this rise occurs can be seen in Figure 2 in which the surface 
temperature of the throat of a oubscale nozzle with only JO mils of pyrolytic 
graphite coating is shown with a greatly expanded time scale.  It can also 
be seen from these temperature plots that practical thicknesses of baked 
carbon In the range from l/2 to 1 inch provide adequate Insulation between 
the nozzle throat insert and the steel housing for a.l\  th . firing conditions 
planned In this program (Figures 1 and k). 

The temperature histories predicted in the inlet region of both 
the subscale nozzle and the fullscale nozzle are shown in Figures 3 and 5. 
A substantial temperature rise can be expected from the heat sink, edge- 
oriented pyrolytlc graphite plate, but this need be no cause for concern for 
heavy-weight nozzle test hardware. The edge-oriented pyrolytlc graphite 
plate is Included for the primary purpose of providing protection for the 
leading edge of the coated insert section. In previous work, excessive 
erosion upstream of the coated insert has led to unduly severe exposure 
conditions of the coating. In practical nozzle designs, no greater weight 
of the pyrolytlc graphite plate material would be desirable beyond that 
needed to provide protection for the upstream edge of the coating. To 
optimize a light-weight nozzle design, another method of controlling the 
entrance contour, such as the use of a second pyrolytlc graphite coated 
segment, might be found more favorable. 

The dimensions of the nozzles which were motor tested were 
comparable with cases subjected to thermal analysis. The thermal calcula- 
tions indicated that no problems would be encountered with over heating 
of the nozzle structures. These predictions were borne out in the motor 
test firing program. 
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C.     STRESS ANALYSIS 

In the design of any nozzle, various stress  factors must be 
considered.    Stresses exist in the throat insert,   in the back-up insula- 
tion, and in the nozzle structure.    In a  flight-weight nozzle design, 
the stress levels in the nozzle structure and attachments assume equal 
importance   with the stresses in the internal components of the nozzle. 
This is true because each component must be designed  to save weight.    When 
heavy-weight nozzles are designed for test purposes,  however,  the struc- 
tural stress problems may be minimized by conservative design.    The con- 
servative design for the test hardware used on this program contributed 
to the satisfactory performance experienced with the test nozzles  to yield 
maximum data on the coating performance. 

Stress factors in the nozzle throat insert material under eval- 
uation cannot be disposed of easily.    These stress factors and their effect 
upon the nozzle material are often central to the performance capabilities 
of the material.    Residual stresses may be incorporated in the nozzle 
insert material during its manufacture.    Additional stresses or modifica- 
tion of the residual stress pattern may be caused during a rocket firing 
both by the severe thermal environment and the mechanical forces acting 
upon the nozzle.    Often one of these stress types is critical for the 
application of i given nozzle material.    Such was  the case in this program 
as Indicated in the following discussion. 

Pyrolytic graphite is a highly anistropic material.    Because the 
material consists of a stacked layer plane structure,  the thermal and 
mechanical properties are very different in the a-b direction (parallel to 
basal planes)  in the c- direction (perpendicular to the basal planes).   The 
elastic constanta of the material also differ in the a-b and c directions. 
A material which exhibits this type of anisotropy,  in which the properties 
In two directions  (a-b) are equivalent but differ from those in the third 
direction (c),  is properly referred to as transversely Isotropie.    It is 
known that a transversely Isotropie material is prone to develop residual 
stresses when its temperature is changed.    A change in the temperature of 
the material is a sufficient condition to induce stresses;  it is not neces- 
sary for a temperature gradient to exist in the material as is the case for 
an Isotropie material.    In the case of a flat piece of pyrolytic graphite, 
the stresses induced during cooling from the deposition temperature lead to 
warping or distortion of the surface.    However,  in closed shells of pyroly- 
tic graphite, the geometrical restraint offered by the closed shape locks 
In residual stresses. 

The residual stresses inherent in pyrolytic graphite coatings 
represent the single most critical stress factor in pyrolytic graphite 
nossles.    Although the general nature of the residual stresses in pyrolytic 
graphite are known, little definitive information has been published on 
the magnitude of these streases especially for the composite consisting of 
a pyrolytic coating and Its graphite substrate.    An approximate analysis 
of the stresses In free-standing spherical and cylindrical shells of pyrolytic 
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graphite was reported In Reference A.    In both references 4 and 5,  the local 
effects of nodules snd surface roughness were explored for free-standing 
geometry.    Reference 6 contains,  in addition to the work published in Refer- 
ences 4 and 5, a varisty of brief end exploratory analyses of «any of the 
different stress problems such ss growth,  thermal gradients, surfsce rough- 
ness, etc., discovered In the course of ths fsbrication of pyrolytic graphite 
shspes.    Calculations sre made only for free-stsnding shells although the 
effects of mandrel restrslnts are suggested.    Perhsps most important in 
Reference 6 is  the exploration of methods of measuring residual stressss by 
strsin gage techniques.    It appears that with sufficient care and extensive 
effort residual stresses can be measured, but such measurements require 
destruction of the pyrolytic graphite section.    The data In the literature 
is of general interest, but it does not reiste the stresses in coar-^d com- 
posite structures to the geometry and properties in the wsy required to 
guide a study of pyrolytic graphite coated nozzles. 

The principel mode of failure of coated inserts resulting, from 
residual stress consists of delamination creeks which ere parallel to the 
substrate and coating free surface.    Such cracks may form at the substrste 
coating interface or completely within the costing end once initiated 
generally propogate around the nozzle circumference.    Radial tensile 
stresses in the coating are normsl to such crscks and could be responsible 
for deleminatlon.    Shear stresses resulting from axial stresses  in short 
coated pieces could also produce inter «miner failure.    The axial curva- 
ture of the nozzle would lead to an opening of an interlaminar crack 
following a shear stress failure.    Microscopic examination of the polltved 
edge of the coating reedily reveals deleminatlon cracks;  the prediction 
and control of such flaws was the main objective of the stress analyses. 
Short interlaminar cracks sre often found in the region of growth nodules 
in local areas of otherwise sound coatings.    These defects,which are 
referred to as local flaws because they do not form a continuous crsck 
pattern, would likely be less destructive coating integrity. 

To define the problems inherent In the as-deposited coatings 
under study in this program, a series of stress analyses was carried out. 
Calculations were made on the effect of geometrical variables on the resi- 
dual stress in free-standing pyrolytic graphite shells.    Calculations 
were also made for the effect of geometry and substrate properties on 
the stresses in composites consisting of a pyrolytic graphite coating snd 
its substrate.    The method used in these calculations and the results of 
each type of calculation are discussed in the following sections. 

1.      Method of Analysis 

In a previous program at Atlantic Research (Reference 1), the 
basic stress-strain rslations for pyrolytic graphite were derived.    These 
reletlonships for a transversely Isotropie material are much more compli- 
cated than for the cess of an Isotropie material.    The stress-strain 
relationships involve seven elastic constants rather than three for an 
Isotropie case.    However, only five of these slastic constants are independent. 
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In our prior work, these st^ttss-streln reletlonshlps were used to derive the 
differential equations relating the stresses and the deflections for a 
cylinder of pyrolytic graphite.    These equations were the starting point for 
the calculations of stresses in pyrolytic graphite shapes which can be des- 
cribed in cylindrical coordinates. 

To carry out the desired stress analyses on this program, conputer 
programs were written to solve the basic equations on a Burroughs 220 com- 
puter.    The first program prepared dealt with the stresses in a homogeneous 
free-standing cylinder of pyrolytic graphite.    This program was used to 
calculate the stresses in long cylinders in which the edge effects were not 
involved.    The input data required for this program were the thsrmal and 
elastic properties of the pyrolytic graphite and the tsoperature at which 
the material was in a stress-frst condition.    The output of the program 
consisted of the principal atressss at any other temperature. 

A second conputer program wes also prepared in which the pyrolytic 
graphite coating equations were coupled with those which apply to a cylin- 
drical substrata material.    This progrsm could be used to calculate the 
atressss in both the coating and the substrate for composites in which the 
coating is on either the inside or the outside of the substrate cylinder. 
This progrsm was particularly important to our study of pyrolytic graphite 
coated inserts.    The interaction of the coating and the substrate cannot 
be Ignored if pyrolytic graphite is to be used on an as-dspositad coating 
basis.   No serious study of the stresses in as-dapoalted composites was 
available from previous work so that thia portion of our stress analysis 
waa critical In the guiding of our deposition studies snd ths interpreta- 
tion of the results of this deposition work. 

2.     Free Standfoa Pyrolytic Graphite Shells 

As indicated above, the anisotropic nature of pyrolytic graphite 
leads to residual stresses in any shell when the temperature of the material 
Is changed.   Although these strssses cannot be eliminated or avoided, an 
identification of the nature and magnitude of these residusl stresses is of 
value in the design of a nossls. 

The stresses in long cylinders of free-standing pyrolytic graphite 
ware calculated using anisotropic clastic and thermal expansion propertlea 
for the pyrolytic graphite.    The stresses considered in esch csse are those 
created by cooling the material, assumed stress free at the deposition 
tsoperature of 2000*0, to room temperature.    The thickness of the pyrolytic 
graphite shell and its diameter were varied over a range typical of thoae 
values of intsreat for the nosslss in this program.    Ths maximum tensile 
stresses calculated In each of the eight cases considered are Hated in 
Table II.   A complete deaerlption of the stresses calculated and the input 
data used In this aerlea of calculations are contained in Appendix B. 
Compressive stresses are not listed In Table II since failures caused by 
such strssses are rarely observed and were certainly not involved In the 
cracking found experimentally in this progrsm.    It must bs remembered that 
the stresses calculated for free-standing pyrolytic graphite shells are 

16 



ArRPL-TR-65-57 

■       rM   ft 
v     a  (A 
«•HO 

«   < z 

I 

vO        O 
sO        vO 
i-i        vO 

CM        vO        vO        O O 
en     •-<     cn     o vo 
00 vO        OS        •-• r-l 

ON r-l 

•o ^ 
a-H 
o « 
o o 

«   -H 
•H    « 
■a o 
2 s- 

A   -H 

o o     o 
1^       o 

00 m 

o 
o 

C>4 

O 
vO 

O O 
CM O 
vO        O 

vO vO 
o 
CM 

CO 

vO 
vO 

vO 
CM 

vO 
r-4 I Oi 

o 
l-l 

o 
g •• 
in 

vO 

vO 
cn 
m 
o 3 

i-l 
vO 
CM 
O 

in 

* 
o> 
vO 
o 

00 
o 

■ 
a 

j 
ja 
Q 

•H ► , e| 

■ 
0 
u 

o 
m 

o 
00 

o 
en 

o 
m 

o 
00 

o 
o 
Os 

o 
o 

■s 
«5 

o o 
CM 

o 
CM S   S   8 

fO       W       fO 

o 
o 
CM 

CM CM «M 

O 

«M • 
CM 

a 
41 (0 
O. 3 a. ^ < -o i 
c h 

•O •§ 
C -^ 

g s 
4i O 

m « i - 
5 | 
« -H 

n 
u o 

« ^ o 

CM cn m r»      oo 

u 
»4-1 

3 

0) 
•O 
•rH 
(0 
4J 

4J 
CO 
•H 
X 
0) 

« 

0) 
u 

<H 
H 
3 
to O 

4J 
0) 

■3 aa 
•H ca 
gg a) 
C 3 

•H Jd 
u 

<u -* 
£ x: 

(d a) 

n « 
u a 
« cd 

M M 
«I Ü 

3 ^ 
0 
•H o 
■ 4J ■ 

cd 

(d 
3 
O 

« 
o a) 
o. u 

cd 

id 3 
^H CO 
o. 
I 0» 

•3 T» 

3 
O 
U 

PH 
A      O 
(d    AJ 

01 
CO ■ 

u      0) 
N 

«•      4J 
o)     co 

i     <d 

e CO 
3 

4J •H 
cd 

4J 
CO cd 
M 
3 CO 
o u 
u 3 o o 

§ 8 
1-1 
es § 
3 •H 
0) co 
u 3 

0» 
t-t 4J 
cd 

•3 fr 
id j 

IM Cd 

3 « 
ca 

f 41 > 
■3 O 
•M U 
co a 
u 

§ s 
4J 
cd 

CD 

3 
u 

u 
4) 

>s 
U 

•3 
4) 

Cd 

^ « 
U 4) 

•M « 
J3 cd 
*J 41 6 

i  i  i  4) o 

s a UU 
_ o 

■M     M i-l 

cd      J3       O     T)      4)     «M 

17 



AFRPL-TR-65-57 

not Chose which exist in as-deposited coated conposites. However, these 
residual stresses which exist in pyrolytic graphite shells without regard 
for restraints from the substrate are of interest as background for the 
study of coated conposites. 

Several interesting conclusions can be drawn from the data in 
Table II. First, the radial tensile stresses, which might explain the 
delamination cracks whicn are most coonon in pyrolytic graphite, are not 
excessive iior dimensions which are realistic for our nozzle study. An 
allowable radial tensile stress of about 1000 psi (across plane direction) 
is a reasonable value for pyrolytic graphite. Case 7 which was included 
to show the effect of a very thick shell of small inside diameter indicates 
that extremely high stresses would characterize such an unfavorable 
configuration. 

In addition to the stress levels, the effect of the thickness 
(t) to inside radius (r.) ratio on the stresses is of interest. Cases 2 
and 8 indicate that geometric similarity leads to equal stresses in thin 
shells. The stress in each coordinate direction increeses with increasing 
t/r> ratio but not in the same manner. Over the range of t/r. ratios 
typical of the nozzles for this program, the following observations can 
be made: 

(1) the hoop stress increases essentially In proportion to 
the increase in t/r. , 

(2) the axial stress increases with increased t/r. but at 
a rate of less then proportional to the increase in t/r , and 

(3) the radial stress increaaes with increesed t/r but 
at a rate greater than proportional to the increase in t/r . 

3.  Coated Compoaitea 

The nozzles under study in this program were ell coated composites 
consisting of a coating of pyrolytic graphite as-deposited on the inner 
surface of a commercial graphite substrate. Since the pyrolytic graphite 
was to be used as an as-deposited coating, the stresses calculated for the 
composite are of greater interest than those calculated for free-standing 
shells. In any pyrolytic graphite coated body some mismatch of thermal 
expension coefficients exists between the coating and the substrate in one 
or more directions. The elastic properties of the substrate graphite alao 
generally differ from those of pyrolytic graphite. Each of these differences. 
In addition to the anisotropic nature of the pyrolytic graphite, contributes 
to the residual stress in s coated part. Again, these stresses cannot 
generally be eliminated but their identification is important. Effective 
control of the magnitude of these stresses Is possible by the proper selec- 
tion of geometrical factors and the properties of the substrate material. 

Three series of stress calculations were made for coated composites 
consisting of a long cylindrical configuration. In a long cylinder, only 
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principal stresses exist and no shear stresses are developed. The selection 
of this configuration was necessary to avoid the mathematical complication 
of edge discontinuities which are involved in short cylinders. Thus, these 
calculations represent a psrtlal solution and simplification of the stress 
pattern in actual coated inserts. However, valuable Insight was gained 
into the nature of the stresses and the relation of these stresses to the 
geometry and materials selected for coated inserts. 

a. Coatings on Inner Surface of Cylinder 

In the first series of calculations, the stresses were computed 
for composites consisting of a pyrolytic graphite coating on the inner 
surface of a cylindrical substrate. Twenty-four cases were analysed to 
determine the stress levels for all combinations of the following variables: 

(1) pyrolytic graphite thickness - 30, SO and 80 mils, 

(2) substrata thickness - 0.40 and 0.70 inch, 

(3) substrate type-molded and extruded graphite, 

(4) inside diameter - 1.120 and 2.300 inch. 

Table III contains s suomary of the results of these calculations. 
Only the maximum principal tensile stresses are listed although compressive 
stresses of similar magnitudes are present. No failures which appear to be 
Che direct consequence of coopressive stresses have been noted in the experi- 
mental work. A eomplate presentation of the results of these stress calcu- 
lations is included in Appendix C. The reader who is interested in further 
comparisons or study of these results is referred to this tabulation. 

Examination of Table III illustrates a number of interesting 
factors. For a given type and sise of substrate the radial tensile stress 
incresses with coating thickness. F r substratea of the same sise, the 
radial tensile stresses for an extndad graphite substrate exceed those 
for a molded graphite. The magnitude of these radial tensile stresses are 
particularly important because they could explain delamination cracks. For 
a number of the configurations listeo *n Table III the maximum hoop tensile 
stress in the coating becomes quite large. Only in the case of the thicker 
coatings on the smaller substrate, however, does this hoop stress approach 
the value generally reported for the tec« ie strength of pyrolytic graphite 
in thca-b direction. 

The axial stresses in the coating are entirely compressive. The 
tensile stresses in the axial direction in the substrate, however, are 
indicative of the forces created by the mismatch of the coating and the 
substrata in the axial dimension. The axial teneile stresses in the sub- 
strata increase with coating thickneaa and decreese with substrate thickness. 
For the cases selected, the axial stresses are somewhat larger in the large 
diameter substrate than in the smaller diameter substrate. The axial stress 
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if imporcanC in coated conposites because in actual nozzle Inserts edge effects 
cone into pley which yield secondary stresses in the composite. The trensfer 
of axial stresses across the interface between the coating and the aubstrate 
in actual sections of finite length creates shear stresses. It is likely 
that these shear stresses, which are inter-laminar in nature for the coating, 
are one cause of the delamination flaws. The analysis of these shear stresses 
was not carried out in this program as indicated above because of the diffi- 
culty of such snalysis. However, it is estimated that the magnitude of the 
shear stresses is related directly to the magnitude of the axial tension in 
the substrate. 

Finally, examination of the hoop tensile stresses in the substrate 
indicates another potential problem area. In the cases involving the molded 
graphite, the hoop tension in the aubstrate appears safe since the tensile 
strength of molded graphite is of the order of 3000 spi. However, the tensile 
strength of extruded graphite, which may range from 1200 to 2000 psi, may 
not be sufficient to withstand the hoop or axial stresses. In fact, in the 
experimental deposition work, several Instances of hoop stress failure 
occurred in extruded graphite substratea. 

b. Coatings on Outer Surface of Cylinder 

In the first series of calculations described above, the nozzle 
shape waa idealized as a composite cylinder with the pyrolytic graphite 
coating on the inner aurface. The cylinder was selected euch that the 
circular cross-section waa typical of a given nozzle throat plane. Thus, 
these previous calculations served to illustrate the effect of nozzle throet 
radius on coating stresses. To illustrate the effect of axial nozzle curva- 
ture on the stresses in the coated insert section, calculations were made 
for e composite cylinder with the coating on the outside with the cylinder 
radius equal to the radius of curvature of typical nozzles. Figure 6 shows 
pictorially the rationale behind this selection of geometry. The surface 
of an actual nozzle insert represents only a portion of a toroidal surface 
and thus does not consist of a closed surface along the direction of the 
radius of curvature. Nevertheless, it was felt that calculations for this 
outside coating geometry would help to Indicate the effects of nozzle 
radius of curvature to supplement the calculation of the effects of nozzle 
throat diameter. 

TWelve cases were calculated for coatings on the outside of a 
cylinder to deoKmstrete the effect of mo radii of curvature, two thicknesses 
of a molded graphite substrste, and three pyrolytic graphite coating thick- 
nesses. The maximum tensile stresses in each principal direction in both 
the coating and the substrata are listed in Table IV. Again only the maxi- 
mum tensile stresses are listed although compressivs stresses slso exist. 
A complete tabulation of the stresses in each direction ia included for each 
eaae in Appendix D. Examination of Table IV indicates that increesing the 
substrate thickness incressss the radial tensile stress, but decreases the 
axial stress in the substrata. Increasing the redius of the substrate (i.e., 
the radiue of curvature of the nozzle) decreaaea the strees levels. It was 
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Radius of 
Curvature 

Coating on Actual Nozzle 

Throat Radius 

Figure 6.   Pictorial Diagram Showing Parameters 
Related to Nozzle Slope. 
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Table IV.  Summary of Residual Stresses in Cylindrical Composite with 
As-Deposited Pyrolytic Graphite Coatings on the Outside.a 

a 

Coating 
Thickness 

(»11) 

Maximum Tensile Stresses 
in Coating 

Maximum Tensile Stresses 
in Substrate 

Case No. 
Radial 
(Psl) 

Hoop    Axial 
(psi)   (psi) 

Radial 
(P8l) 

Hoop Axial 
<PSl) 

A. Substrate radius - 1.600"; substrate thickness - 0.100" 

30 277 b      b 277 4440 2710 

50 384 384 6210 3860 

80 500 500 7900 5080 

B. Substrate radius •■ 1.600"; substrate thickness > 0.400" 

30 382 382 1900 1050 

50 610 610 2710 1580 

80 925 925 3840 2290 

C, Substrate Nradius - 3.2C0"; substrate thickness » 0.100" 

30 134 134 4300 2650 

50 182 182 5820 3760 

80 232 232 7370 4890 

D. Substrate radius ■ 3.200"; substrate thickness - 0.400" 

10 30 188 188 1680 910 

U 50 294 294 2470 1400 

12 80 431 • 431 3510 2070 

a Complete computer data may be found in Appendix D. 

b. Where no value is listed, stresses are entirely compressive. 
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not feasible because of design limitations and deposition problems,  to 
Investigate experimentally the apparent Improvement gained by going to a 
larger radius of curvature.    Furthermore,  Increasing the radius of curve« 
ture generally produces a rather severe penalty In a light-weight nozzle 
by Increasing the length of the nozzle. 

Several other Interesting stress patterns are apparent from 
examining Table IV.    The only tensile stresses In the costing ere those 
In the radial direction.    In the substrate,  the radial  tensile stresses 
are equal to those In the coating but both the hoop and axial stresses 
are also tensile.    Both the hoop and axial stresses are quite high for 
the thinner substrates.    Increasing the substrate thickness, of course, 
decreases both of these stress levels.    As would be expected, Increas- 
ing the coating thlcknest , other factors being equal.  Increases ell the 
stress levels. 

c.    Effect of Substrate Properties 

In the discussion above of the source of the stresses In 
pyrolytlc graphite coated Inserts, It was pointed out that residual 
stresses could not be eliminated.    However,  It Is apparent that the 
properties of the substrate graphite will have a significant effect 
on the strsss levels In both the coating and the substrate portion of 
a coated composite.    In an effort to Identify preferred substrate 
graphites, a series of calculations was made for a molded graphite 
(National Carbon ATJ), an anlsotroplc, high-density graphite (National 
Carbon ZTA), a low-modulus,   fibrous graphite  (National Carbon PT-0114), 
and an extruded graphite (Speer 580).    Calculations of the stress levels 
In both substrate end coetlng layers were made for composite cylinders 
with the coating on the Inside using two diameters,  equivalent to the 
two nozzle sizes under study, end three coetlng thicknesses for each 
of the four substrate materials.    The complete results of these calcu- 
lations are tabulated In Appendix E.    The Input data used for these 
calculations are also tabulated with the results.    The thermal expan- 
sion values used were somewhat different from those used In the 
earlier calculations.    The data which were used In this last series 
of analyses were taken from the latest end most complete sources 
available In the literature.    Therefore,  for correlation of calcu- 
lated stresses with experimental data these results are most reliable. 

The results of this series of calculations are sunnarlzed In 
Table V.    Various effects of the substrate properties are apparent from 
examination of this table.    The stresses calculated for the molded 
graphite (ATJ) appear moderate except for two factors.    As the coating 
thickness Increases In relation to the diameter (e.g.. Case 3), the 
radial and hoop stresses In the coating rise quite rapidly.    This 
appears to be evidence of the Internal enlsotropy of the pyrolytlc 
graphite which Is not greatly modified by the ATJ substrate.    Second, 
the axial stress In the substrate for SO and 80 mil coatings Is higher 
than for the other substrates coopered In Table V.    The sheer stresses 
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-'*   ch result from Che axial force in actual insert sections of short length 
can explain the observed delamination flaws. 

With the high density graphite (ZTA),  the calculations show that 
the radial tension is eliminated and the axial tension in the substrate is 
greatly reduced or eliminated for all cases.    IWo major problems can be 
identified, however.    First, the substrate hoop tension exceeds the material 
strength for all configurations.    Consistent with this,  the only coating 
deposited on ZIA graphite led to a hoop tension failure  in the substrate. 
Second,  the orientation of the substrate anisotropy cannot actually match 
the coating anisotropy orientation as assumed in the calculation since 
the ZIA is a aolded graphite.    The experimental substrate was cut with 
its axis across the molded billet so that the hoop and radial properties 
are alternately with-grain and across-grain at 90* intervals of rotation. 
Matching of the axial direction of the substrate with the with-grain 
direction of the ZTA,  to provide the reduction in axial stresses, was 
achieved. 

Perhaps the most significant results in Table V, at least for 
support of the firing tests in the current program, are those for the 
fibrous graphite (PT-0114).    Bach stress calculated, with the possible 
exception of the thickest coating on the subscale substrate appears to 
be of a tolerable magnitude.    Experimental evidence confirms these pre- 
dictions since coatings 51 mils thick on the subecale substrate and 100 
mils thick on the fullscale substrate were deposited without stress 
failure.    The calculated axial tension in the substrate is of the same 
order as the published cross-grain strength of the material  (Ref. 11), 
but no evidence of substrate delamination was noted.    It la quite possible 
that some permsnent deformation of this type of substrate is possible 
without the appearance of discrete cracks.    Although the low grade prop- 
erties of fibrous graphite do not recoomend it on first examination as 
the most desirable substrate, the use of this type of substrate did 
provide a useful advance in the technology of coated inserts for full- 
scale tests in this program.    Further work will be required to determine 
whether another substrate selection would be optimum or whether the 
fibrous material does represent a preferred approach. 

The extruded graphite (Speer 580) was selected because It had 
better-than-Average strength properties for an extruded grade and an 
unusually low thermal expenslon in the with-grain (axial) direction.    The 
inproved match in expansion in the axial direction leads to reduced axial 
tension in the substrate as seen in Table V.    Both the radial and hoop 
streases In the coating on this extruded graphite were calculated to be 
higher than for the molded (ATJ) substrate.   Assuming a dual criterion 
for coating integrity, namely,  low radial stress in the coating and low 
axial stress in the substrate, the calculations predict qualitatively 
the observed results for coatings dapoalted on Speer 580 graphite. 
Coatings up to 47 mils in thickneaa were uncracked, but at 64-mll thick- 
ness delamination cracka were noted.    It should be noted that because 
of the interest in thicker coatings for the final fullscale motor firing. 
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the coating thickness considered for the calculations in Table V for the 
Speer 580 was increased to 120 mils.    A more detailed comparison of the 
calculated stresses in coated inserts with experimental observetion of 
delamination cracks is made after the description of the deposition studies 
in the next section of this report. 
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4.0 DEPOSITION STUDIES 

A. GENERAL 

Rocket motor firing tests were the basis of the feasibility demon- 
stration of pyrolytlc graphite coated nozzles.    However,  no motor firings 
could be achieved without the prior preparation of suitable Inserts.    All of 
the inserts tested in this program were fabricated in the laboratories of 
Atlantic Research Corporation.    The integration of the deposition studies and 
the motor test evaluation work was a very distinct advantage in this program. 
Deposition work was carried forward until inserts suitable for testing were 
produced.    Following the test in a motor firing of a given insert,  it was 
possible to return immediately to the deposition study in order to prepare 
further and improved coated inserts.    In this way,  the maximum feedback of 
information from the evaluation phase was available to guide the deposition 
work. 

The equipment and procedures used in the deposition of pyrolytlc 
graphite coatings was fully described in Reference 1.    All of the coatings 
were deposited at a substrate temperature of 2000*0 with methane as the 
carbonaceous source gas.    The density of coatings prepared under these con- 
ditions' is typically 2.17 gm/cu cm.    X-ray diffraction indicates typical 
values as follows: 

d-spacing ■ 3.45 X 

crystallite size: Lc - 7SA*: La « 12(A 

The deposition conditions which were varied to control the nature and thick- 
ness of the coatings included the flow geometry, the flow rates, and the 
deposition time. Deposition work was carried out to prepare subscale in- 
serts of nominal 1.1-inch throat diameter and fullscale Inserts of nominal 
2.3-inch diameter. The results of the deposition study in each size range 
are discussed separately. 

B. SUBSCALE INSERTS 

The initial deposition work was carried out with subscale inserts. 
Since the basic design of the test nozzle utilised an insert segment coated 
with pyrolytlc graphite which was only long enough to provide the required 
diroensioral stability at the throat of the nozzle, an excellent opportunity 
existed to study the quality of the coated insert at both the upstream and 
downstream edges of the insert.    The examination of the microstructure and 
quality of the coating was carried out by microscopic examination of the 
polished cross-section.    This examination is indispensible if the perform- 
ance of the nozzle is to be related to the pre-flring condition. 

The radius of curvature of the subscale Insert was chosen to be 
three times the nominal throat radius.    The length of the coated Insert was 
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selected as 1.22 Inches so that the inlet Joint fell at an area ratio of 2 
relative to the throat and the outlet Joint occurred at the 15* tangent point 
to match the expansion cone half angle.    Several coated Inserts were pre- 
pared on molded graphite substrates of this configuration prior to the first 
motor test.     In each insert,  significant delamination cracking was found at 
the exit end of the coating during microscopic examination.    The cracks were 
always in the coating, never at the substrate surface.    These cracks often 
originated during the machining of the insert piece from the coated substrate 
tube but changes in machining practice did not eliminate the cracks.    When 
initial changes in the deposition conditions  failed to eliminate these 
cracks,  it was decided to motor test a typical insert containing a de lamina- 
tion crack at the exit end.    The micros true ture of both the inlet and exit 
end of the coated insert selected for the first subscale firing is shown in 
Figure 7.    The crack in the exit end which averaged about 1 mil in width 
and was about 10 to IS mils above the substrate is typical of all those 
observed in the subscale insert deposition work. 

The cracking observed in the initial coatings on subscale inserts 
was always at the exit end of the insert and seemed to be aggravated by the 
machining operation following deposition.    Therefore, a modification of the 
substrate design was made so that no machining was required at the exit end 
of the coated section following deposition.    A small wrap-around section of 
the coating at the exit end prevented microscopic examination of the coating 
there, but a partial crack at the inlet end of the test section was noted. 
To compare the effect of the stress relief crack at the inlet with the crack 
at the exit end,  this insert was selected for the second subscale motor test. 

The next modification in the deposition work for subscale inserts 
consisted of the use of an extruded graphite substrate.    The improved match 
of thermal expansion coefficients in the axial direction was expected to 
improve the crack resistance of the coating.    A flaw-free coating was pre- 
pared on an extruded graphite substrate, but during final machining on the 
outside diameter of the substrate, a hoop tensile failure occurred in the 
substrate because of the lower strength of the extruded graphite in this 
direction.    This substrate failure propagated into the coating and caused 
it to crack also.    At this point in the subscale program,  the use of ex- 
truded graphite substrates was set aside in favor of other process modifi- 
cations.    Only a limited number of subscale  inserts were required so that 
success with other process modifications prevented the return to the study 
of extruded graphite.    Thus, the possibility of preparing coatings on sub- 
scale substrates of extruded graphite was not fully exploited. 

Success had been achieved in an earlier program ( Ref.   1) in pre- 
paring crack-free inserts of a size almost identical ID  the current sub- 
scale design.    A re-study of these deposits indicated a subtle variation in 
coating structure especially in the exit end of the nozzle where the current 
problem with delaminatlon flaws was most prevalent.    By following this  line 
of attack and making further changes in the process conditions,  a steady 
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a.  Entrance (X150) 

b.  Exlt(X150) 4^2752 
Figure 7.  Microstructure of Pvrolytic Graphite Coating on Insert 

for Subscale Firing Number 1. 
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advance in our capability to prepare flaw-free coatings was made in 
the lubscale system.   The first flaw-free coated Insert prepared and 
fully machined for firing had a    coating thickness of approximately 23 nils 
at the throat.    The micros true ture of this coating, which was successfully 
tested in subscale Firing No.   3,   is  shown in Figure 8.    The  increased re- 
nucleation in this coating is apparent compared to that in Figure 7. 

Following the preparation of this relatively thin crack-free coat- 
ing deposition work continued along the same line and crack-free coatings as 
thick as 54 mils were successfully deposited on subscalo molded graphite 
substrates.    The micros true ture of the 54-mil coating,  tested in subscale 
Firing No. 4 is shown in Figure 9.    The upper limit of coating thickness 
which can be made by the preferred deposition technique with a molded graph- 
ite substrate of the subscale configuration was not determined since the re- 
quirements of the motor test program for test nozzles was fulfilled before 
this limit was reached.    The requirement for fullscale inserts then took 
precedence ovar further laboratory study on subscale inserts.    The fact that 
discrete coating losses occurred during motor test of the 54-mil-thlck coat- 
ing, as discussed later in this report (Section S.B.4.),  suggests that the 
upper limit was at hand.    The residual stresses plus the stress factors 
associated with the nozzle conditions apparently led to progressive coating 
failure. 

Prior  to the completion of the subscsle deposition work,  enough 
study of the deposition process  for fullscale inserts was completed to in- 
dicate that significant problems could be anticipated in preparing flaw- 
free coatings of sufficient thickness for full duration motor firings.    Thus, 
the  final work on subscale deposition consisted of an exploratory test of 
the suitability of a low modulus,  fibrous graphite as a substrate material. 
A flaw-free coating 51 mils thick was deposited on a fibrous substrate. 
More Important for the timely pursuit of the program objectives,   this coated 
Insert was successfully tested on subscale motor Firing No.  S, as described 
below in Section 5.B.S. 

C.     FULLSCALE INSERTS 

Deposition studies with fullscale substrates were started during 
the fourth month of the program and were continued for the remainder of the 
program.    Thus,  during the middle of the contract period subscale and full- 
scale deposition work proceeded concurrently.    This approach was adopted so 
that maximum use could be made of the information gained in the deposition 
work.    Deposition procedures suitable to only one else Insert were thus 
avoided. 

In the preparation of fullscale inserts the substrate system was 
segmented so that the insert was separate from the inlet and outlet sections. 
This design reduced the amount of machining required on the coated insert 
and thus largely eliminated this possible source of damage to the coatings. 
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012757 

Figure 8.  Microsturcture of Pyrolytic. Graphite Coating at Entrance 
of Insert for Subscale Firing Number 3 (X150). 
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a.   Entrance (X60) 

b.  Exit (X150) ^2755 

Figure 9.  Microstructure of Pyrolytic Graphite Coating on Insert 
for Subscale Firing Number 4. 
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For the larger scale pieces this design also provided a significant cost re- 
duction In preparation of the fixtures. 

In the initial deposition work with fullscale inserts, de lamination 
cracks were observed at coating thickness of the same order of magnitude as 
those which led to cracks in the subscalc coatings.    At first this was some- 
what surprising since, in general,  the principal stresses caused by coating 
anisotropy are roughly a function of the ratio of coating thickness to rarif- 
of curvature rather than to the absolute value of the coating thickness. 
However,  stresses produced by mismatch of substrate and coating expansion 
properties are more nearly dependent on the linear measurements of the com- 
posite.    Thus,  th? observed behavior suggests a dominate role of thermal ex- 
pansion stresses in the delamination phenomenon. 

A qualitative observation of note made on the early fullscale 
inserts was that the nature of the cracking was somewhat different from that 
seen on the subscale inserts.    On the fullscale Inserts cracking occurred 
largely at or very near the substrate-coating Interface.    On the subscale 
inserts the cracks were generally completely within the coating, most often 
two-tenths or more of the coating thickness away from the interface. 

Prior to the achievement of flaw-free fullscale coatings of usable 
thickness, one insert containing a typical microscopic delamination separa- 
tion at the exit end was selected for motor test.    The microstructure of 
this coating at each end is shown in Figure 10. 

The observations regarding delamination cracks in fullscale coat- 
ings led to emphasis on two factors in the deposition work.    First,  to 
achieve maximum bond strength a thermal pretreatment of the substrate was 
adopted.    This pretreatment was performed following all machining oper- 
ation Just prior to the deposition run.    A sooty layer on the surface was 
found on some inserts following pretreatment and that would likely be detri- 
mental to the coating-substrata bond.    The substrate was dry polished follow- 
ing pretreatment to provide a clean deposition surface. 

The second factor emphasized to improve the integrity of full- 
scale coatings was the selection of different grades of graphite as sub- 
strates in an effort to Improve the compatibility of coating and substrate. 
The use of an extruded graphite (Speer 580) provided sufficient relief for 
the incompatibility problem (principally in the axial or wlth-grain direct- 
ion) so that a flaw-free coatirg 47 mils thick was prepared.    The micro- 
structure of this coating, which was motor tested in fullscale Firing Mo. 2, 
is shown in Figure 11.   A similar coating of 6A mils thickness on the Speer 
580 contained a delamination crack. 

To achieve still thicker coatings without cracks, substrates were 
machined from a low modulus,  fibrous graphite (National Carbon PT-0114). 
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a.   Entrance (XI50) 

b.  Exit (X150) 012756 

Figure 10. Microstructure of Pyrolytic Graphite Coating on Insert 
for Fullscale Firing Number 1. 
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a.   Fullscale Firing Number 2; Exit (X150) 

b.  Fullscale Firing Number 3; Exit (X150) 
£12751 

Figure 11.  Microstructure of Pyrolytic Graphite Coating on Insert 
for Fullscale Firings Number 2 and Number 3. 
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tyroly tic graphite coatings as thick as 100 mils were successfully deposited 
on this type of substrate material without observable de lamination cracks. 
A coating of 75 mils thickness on the fibrous graphite substrate was selected 
for test in fullscale Firing No. 3.    The microstructure of this coating is 
shown in Figure 11. 

The thickest coating prepared on this program, which was also de- 
posited on the fibrous type substrate, was selected for fullscale Firing 
No. 4.    The microstructure typical of this coating is illustrated in Figure 
12.    The as-deposited coating, which was 101 mils thick,  contained a number 
of nodules which had grown to various sixes up to the order of a tenth of 
an inch in diameter.    Microscopic examination of the polished edge of the 
coating revealed that the local flaws in these nodules, which are character- 
istic of any nodule, were more severe than usual.    Because of the surface 
roughness introduced by these nodules, the surface v«a hand-polished prior 
to aator test.   To define the effect of this polish   <g operation in the area 
of the local flaws, photomicrographs were made both before and after this 
smoothing step.    Views of typical nodule regions both as deposited and after 
surface polishing are shown in Figure 13.    It is apparent that the polishing 
did not significantly interact with the pre-existing local flaws except that 
it allowed some of these flaws to be exposed at the finished surface.    The 
local flaws lie along the locally distorted direction of the pyrolytic 
graphite layer planes.    Polishing the surface in the region of a nodule 
cuts across the layer planes locally and consequently exposes the edge of 
the planes in these areas.    The role of local flaws in increasing the erosion 
rate of a pyrolytic graphite coating was not determined quantitatively, but 
qualitatively it can be surmised that some loss in erosion resistance is 
inevitable.    This assumption was borne out in the results of the fourth 
fullscale firing described later.    Optimization of the coating structure 
and reduction of the nodule population were beyond the scope of this feasi- 
bility program but the incentive for such an effort was indicated. 

D.     CORREIATICN OF RESIDUAL STRESSES AND OBSERVED CRACKS 

In the preceding major section of this report,  the residual 
stresses calculated for coated composites were presented.    In this section, 
the experimental evidence of de lamination cracking was outlined.    In Table 
VI,  the data pertinent to the establishment of failure stress criteria are 
sumnarized.    ivo calculated stress values, the radial tension in the coating 
and the axial tension in the substrate, are listed for the thickest crack- 
free coatings and the thinnest coatings which contained cracks for each 
substrate material used.   As outlined in the introduction to the stress 
analysis discussion,  the two types of tensile stress listed are those which 
are consistent with the nature of the cracks observed.    Examination of 
Table VI indicates failure criteria which are consistent with all the 

38 



APIIPL-TR-65-57 

a.   Entrance (X150) 

b.   Exit (X150) 4^2754 

Figure 12. Microstructure of Pyrolytic Graphite Coating on Insert 
for Fullscale Firing Number 4. 
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a. As Deposited (X60) 

b.  Alter Surface Polishing (X60) £12753 

Figure 13.  Local Flaws Associated with Nodules in Coating on Insert 
for Fullscale Firing Number 4. 
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CorrcUtion of CalcuUtad StraasM 

and Obaarvad Dalaalnatlon Cracks 

Calculatad Straasaa* 

Radial In Axial In 

Subatrata    CoÄtin« »^knaaa Coating Subatrata 

A. 

Uroa           (all) cfft?.k• 

100 

(oal) 

Subaeala. 1.12 Inch Diaaatar 

No** ATJ               54 950 

Flbroua           51 No 280 260 

II. Fullacala. 2.30 Inch Diaaatar 

ATJ               22 Ho Coapraaalva 520 

* 
ATJ               42 Yaa Coopraaslva 920 

580               47 No 220 520 

- 580               64 Yaa m 510 

Flbroua           100 No 230 400 

Intarpolatad and axtrapolatad froa data In Tabla V. 

No cracka obaarvad, but coating failed during aotor taat. 
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•xperlmental evidence gathered.    The stress values underlined in the table 
are called to the reader's attention as those which appear critical.    A 
radial tensile stress level in the coating between 280 and 340 psi separates 
the crack-free and cracked condition.   An axial tensile stress in the sub- 
strate between 520 and 920 psi appears critical.    In the case of the 54-mll 
costing on the subscale ATJ substrate, no cracks were observed although the 
axial tension in the substrate was calculated to be 950 psi.   However, this 
coating failed and was removed during motor test which suggests a residual 
stress condition close to the failure level. 

Although the absolute values of the failure stresses indicated 
are subject to the approximations involved in the calculations, the discovery 
of a self-consistent body of calculated and experimental evidence on de- 
lamination cracking is significant.    Optimisation of fabrication technology 
can be pursued by reduction of the residual stresses or by increasing the 
tolerance of the pyrolytic graphite for these stresses.    The advances ach- 
ieved in the deposition work on this program came from work along both of 
these paths, but further advances should be possible beyond the scope of 
this program. 

42 



APRPL-TR-65-57 

5.0 MOTOR FIRING TESTS 

The focal point of the entire program to determine the feasibility 
of pyrolytic graphite coated nosxle inserts was the motor firing evaluation. 
To prove the feasibility of a nosxle material, critical motor firing tests 
must be completed successfully. The goal of this program wss to prove the 
suitability of a pyrolytic graphite coated noxsle for service with a 655Cf P 
propellent and a motor pressure of 700 psi in a reasonsbly slse system and for 
a realistic firing duration. To achieve this goal, in addition to the 
analytical and deposition work described elsewhere, a series of subscale 
and fullscsle motor firings was carried out. The subscale motor firings 
using a noxxle of 1.1-inch throat diameter for a motor of approximately 
1100 pounds thrust were carvied out to define the suitability of the basic 
design end material for critical nosxle service. Following the subscale 
effort, s series of fullscsle firings using s noxxle of 2.3-inch throat 
diameter with s motor of spproximstely U600 pounds thrust was carried out 
to demonstrate ussble service in sufficiently Isrge nozzles to be indicstive 
of the merit of pyrolytic graphite coating. In the following sections, 
the motor firing procedures end the results of the subscsle end fullscsle 
firings are discussed separately. 

A.  TEST PROCEDURE 

The motors used for both subscale end fullscsle noxxle tests 
were of an insulsted heavy-weight design and were filled with gel propellent. 
The use of gel propellent end s heavy-weight motor design leeds to a mini- 
mum cost program of nozzle materials evaluation. The propellent used in 
all firings in this progrsm wss s highlv sluminixed solid propellent hsving 
s theoreticel flame tempersture of 655CrP and moderately oxidising com- 
bustion products. This propellent is designsted at Atlsntlc Research es 
APG-112. The cherecteristics of this propellent ere summsrised in Tsble VII. 

Eech test nozzle was fsbricsted end essembled in our laboratory 
and shops end then trensported to the rocket test bsy. Figure Ik  is s 
photogrsph of the fullscsle test motor in operetion. The level of the 
motor pressure and changes in the motor pressure slong with pre- end post- 
firing iMssurements end exaninetions define the erosion performance of s 
nosxle material. Thermocouple Instrument et ion was placed on the first 
nossle tested to confirm the design selection but temperature instrumen- 
tstion wss not u^ed on later tests. 

B.  SUBSCALE MOTOR FIRINGS 

A totsl of five subscsle eveluetion tests were successfully 
completed. The design philosophy for both the subscale and fullscsle 
nossles utilised the segmented concept in which the pyrolytic grephite 
coated insert was only a segment large enough to provide dimensions! 
stability st the throst. A number of other segments were used to form 
the total nosxle contour end support, back-up, end insulsts the exposed seg- 
•nts. The bssic design used in ell of the subscsle noxxles is shown in the r 
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Table VII.  Characteristics of APG-112 Propellant 

Specific Impulse (lb-sec/lb) 

Characteristic exhaust velocity (ft/sec) 

Temperafare (0K) 

Specific Heat (cal/100^-oK) 

Moles of gas (g moles/100g) 

Pressure (palm) 

Combustion Products 
g moles/100g    ~ 

C 

H 

0 

N 

Cl 

Al 

CO 

CO« 
2 

CN 

HCM 

»2 
H20 

HC1 

02 
OH 

N2 
NO 

NH 

NH2 

NH3 

Clo 

CHAMBER EXHAUS 

262.4 

5042 

3894 2719 

44.26 42.96 

2.9833 2.7849 

1000 14.699 

0.0000 

0.2678 

0.0074 

0.001 

0.0648 

0.0121 

0.5403 

0.0191 

0.0000 

0.0000 

0.9790 

0.2909 

0.3494 

0.0009 

0.0492 

0.2659 

0.0042 

0.0003 

0.0001 

0.0000 

0.0001 

0.0000 

0.1057 

0.0003 

0.0000 

0.0333 

0.0003 

0.5465 

0.0128 

0.0000 

0.0000 

1.1281 

0.1758 

0.4904 

0.0000 

0.0048 

0.2682 

0.0002 

0.0000 

0.0000 

0.0000 

0.0000 
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Table VII.  (Continued) 

Combustion Products 

A1H 

A10 

A120 

A1202 

A1C1 

A1C12 

A1C13 

A10C1 

C (solid) 

A1203 (liquid) 

A1203 (solid) 

A1N (solid) 

0.0017 

0.0045 

0.0023 

0.0003 

0.1112 

0.0051 

0.0006 

0.0059 

0.0000 

0.4335 

0.0000 

0.0000 
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Figure 14.   Fullscale Test Motor During Firing. 
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•••«ably drawing. Figure 15. The actual «egments usad in on« of the subscale 
nozzles are pictured prior to «siembly in Figure l6. 

For the •ubicale nozzle« the radius of curvature of th« Insert 
substrate was chosen to be approximately three times the throat radius. 
Th« length of the coated lns«rt was selected so that the Joint line at 
th« inlet end was at an era« ratio of 2 relativ« to th« throat, and th« 
exit Joint line occurred at the 1^* tangent point to match th« expansion 
con« half angle. Previous work h«d indicated the desirability of protecting 
th« inlet edge of the coated insert from excessive exposure to the flow of 
combustion gases. For convenience in this progran, a single plate of 
pyrolytic graphite in the edge-oriented position was placed immediately 
upstream of the pyrolytic graphite coated throat insert. In a flight- 
w«ight nozzle design, the optimum selection for th« entrance section 
might well b« a second pyrolytic graphite coated segment. For the test 
nozzles in this program the pyrolytic graphite plate and the insulation 
thicknesses were selected to provide nozzle integrity In accordance with 
the reaulta of the thermal analysis discussed in another section. 

To provide for the thermal expansion of the exposed segments in 
each teat nozzle, calculations were made of the expansion to be expected 
from each segment so that expansion Joints could be installed at selected 
loctfions. The total expansion of each of the exposed segments shown in 
the aaaembly drawing. Figure 13 was calculated as follows: 

(1) Entrance aection 1-19 mils. 

(2) Entrance aection 2-25 mile. 

(3) Throat section • 16 mils. 

(U) First exit section - 18 mils. 

(5) Exit cone - 39 mils 

To eccoonodate these expansions the following design decisions 
were made: 

(1) The expansion of the firat inlet aection would b« taken 
by the shrinkage and crushing of the reinforced plastic at th« nozzle 
«neranc«. 

(2) An expansion Joint 30 mils thick waa placed at th« entrance 
end of the aacond entrance aection to accoanodate 50 per cent of the total 
expansion of th« aacond, third and fourth segments of the nozzle. A 
silicon« rubb«r expenslon gesket w«s used et this upstream location in 
•11 teats. 
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(3) A second expansion joint between the fourth and fifth seg- 
ment might be required to acconnodate the expansion In this region. The 
second expansion Joint utilized In the first test was found unnecessary and 
eliminated In subsequent tests. (U) 

A sumnary of all of the evaluation data obtained In the motor 
test firings Is contained In Table VIII. In the following sections, each 
of the subscale firings Is described and discussed separately, and then a 
comparison and discussion of the Implications of these firings Is presented, (u) 

1. Subscale Firing Mo. 1 

The first subscale firing was carried out prior to the point In 
the deposition study when delsmlnatlon flaws were eliminated. The Insert 
selected for this test had a coating thickness of 58 mils at the throat 
and contained a microscopic delsmlnatlon at the exit end of the Insert. 
Noscle erosion during this test was smooth as can be seen from the motor 
pressure trace In Figure 17, but the rate of erosion was greater than 
that predicted for a good coating. The erosion was sufficient to remove 
the entire coating during the 56  second duration at an average motor 
pressure of 56k  psi. Figure 18 shows that although insert erosion was 
higher than desirable, the general condition of the remainder of the 
nozzle was satisfactory. (C) 

The over-all average radial erosion rate calculated from pre- 
and post-firing throat dimensions was 1.91 mils per second. Post-firing 
examination of the nozzle and ballistic calculations based on the motor 
pressure trace suggest the following series of events likely took place 
in this test, (c) 

A significant initial loss of coating occurred within the first 
3 seconds or so, probably at the exit end of the insert. For a major 
portion of the firing, erosion proceeded by minor spallation and edge 
chipping at the exit end of the coating to yield an averags erosion 
rate of about 1.2 mils per second. During this period the location of 
the throat plane apparently moved upstream. Finally more rapid erosion 
occurred near the end of the filing as a greater smount of the substrate 
graphite was exposed. In Figure 19 the estimated throat radii during 
this firing are shown aa detemined by a ballistic calculation from 
point to point along the motor pressure curve. It was indicated by this 
firing tbst the pyrolytic graphite coating was not likely to be tolerant 
of delsmlnatlon flaws under service conditions so severe as used in this 
progrsm. (C) 

2. Subacale Firing No. 2 

The insert tested in the second subscale firing had a wrap- 
around coating contour at the exit end, but it still contained a partial (C) 

SO 

CONFIDENTIAL 



AFRPL-TR-65-57 CONFIDENTIAL 

f 
S 

u 

I 
u 
2 

^s 
« « o 
^ OS   y 

2 8« 
»A 

00 1 O • 
■^ t-l M rj O mi o <N O o p4 

• <• -^ 
MO« 
<   Ui 

t p4 O m m «^ m 00 S( m u m -< r* m -t <»> iri 

^»2 «^ ^^ p*4 m4 t~t 

• 
<M IN 

X.i r> r1» 
^0, 
O »> «M m 

o m -* • « r^. *n (M <N 

• 
rM 

CM 0( 

Hi P4 
• 

P4 
• 

p4 

-* • 
IN IN 

• u 
•0   ■ r- 

5Ä- s 
Ji M ^ P4 O * * o> »N 

tu O 
»4 -4 

•-< O 
M 

»4 2 • ^ * • ■ • • • 
h <M ^ p4 0S -^ P4 ^4 M (M IN «N 

ßJI 0. 

U «I 
W kl 

• ■  « 

< ft.    I 

Si^J 

1 n 00 o o M 1 rv 00 
ir\ r* 9> m IN O« o 

in ■S <a m m >* «> r» 

K   «I   O 

w>r«^<Niy>f>i(N      r» 
•   •»ero-i-ioorjor^ 

r*       00       r -       oo       »A       r^        r^        r^ 

I 
2* m     m      ^      ■«      r«      *e      ^4 

m     «o      rt      S      M      «n      m 

S 

h 1 
1 

■ « o 

9 u w 
O   »4    « "I 

oo>«rirf»4rMr*       •« 
io       *       rj       u"!       m       »t       -»        r^ 

2 

3 9 3 3 3 3 3  3 J 

S 
•H 

* 9 " U fl« 
- -^  o 

—       fNr>in>o^r~flO 

CiCiClCifiiBCiGl 

9> 

0 

MMMMMMWM 
MMMMMMhiH 

t 

51 

CONFIDENTIAL 



AFRPL-TR-65-57 
CONFIDENTIAL 

■Ml §12763 

000 

t «^ 

/ 

100 
-^ 

1 ^ X 
L s 
1 

\ 

• \ 
10 80 M 40 M 

mUNO TtMB—Mcondt 

Subscale Firing No. 1 

eo TO 

r T i i i i i ! i 

«     MM 1              ''               '                                                                                           1 

1 
!       MX. 1      iH\ I.J         ML 1 ••• —fl— r       -1 ^"1" -+■—L_-J_ —l^i         1                                         1         j       1 

1 !    1    h-J^J                11 
/                  M   : 

/ 
IK 

yll M M 1 1 
•                  ia                  ia                  to                «a 

1 \ 
M                  M                    W                   W                    « 

PIMNO TIMB-MCO 

Subscale Firing No. 2 

Figure 17.   Motor Pressure Traces for Subscale 
Firings No. 1 and No. 2. 
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Figure 18..  Axial View from Entrance End of Nozzle After Subscale Firin^No.54!. 
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delsmlnatlor flaw at the entrance end. The performance of this insert was 
poor and reinforced the belief that coatings are not tolerant of delsnlnation 
flaws under severe service conditions. The pressure-time trace for this 
firing (Figure 17) shows clear evidence of the loss of sections of the 
coating during test. The total firing duration was 83 seconds and the 
coating was completely removed during test. The average radial erosion rate 
calculated from pre- and post-tesc measurements was 2.U3 mils per second 
which clearly indicates the combined erosion of the coating and later the 
substrate. The relatively smooth pressure regression »•tth the exception 
of the sudden pressure losses associated with coating spallation suggests 
that the coating eroded progressively from the downstream edge towards the 
entrance and provided some protection for the substrate during much of 
the firing period. (C) 

3.  Subacale Firing No. 3 

The third subscale firing was the first test of a pyrolytic gra- 
phite coated Insert which showed no visible cracks upon microscopic examina- 
tion of both ends of the Insert. The average erosion rate of 0.55 Bü Per 

second at an average motor pressure of 6l8 psi demonstrated the basic 
serviceability of a pyrolytic graphite coating when the coating integrity 
is maintained. The coating thickness on the Insert tested was only 23 mils 
at the throat so that the firing duration was reduced to 3^*8 seconds. 
The motor pressure trace shown in Figure 20 reflects the excellent perfor- 
mance of this nozzle. (C) 

A most interesting and unique result of the firing test on the 
coating was observed in post-firing microscopic examination. The integrity 
of the coating was in no way decreased by the firing, but clear evidence 
of some plastic deformation of the pyrolytic graphite coating was found. 
This evidence for deformation is shown in two views of the post-firing 
microstructure in Figure 21. Markings in the coating resembling slip 
bands were found at numerous points in the coating. The lower view in 
Figure 21 Includes a void area generated in the substrate beneath the 
coating which appears to have altered the point at which the two defor- 
mation bands intersect probably due to the reduced local stiffness of the 
substrate. The most significant conclusion to be drawn from these photo- 
micrographs is that a pyrolytic graphite coating appears to be an excellent 
candidate for restart nozzle service. Further evidence is shown later to 
reinforce the conclusion that motor firing conditions do not degrade the 
remaining coating quality. The evidence of plastic deformation without 
cvacklng suggests that some relief may occur which could improve the stress 
distribution during recycle duty. (U) 
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a.   Exit (X150) 

b.   Exit (X150).  Note Void in Substrate. •1760 
Figure 21.  Microstructure of Pyrolytic Graphite Showing Evidence 

of Deformation After Subscale Firing Number 3. 
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k.      Sub»c«le Firing No.  k 

This firing was carried out to demonstrate the erosion resistance 
of a thicker coating in substantiation of sabscale firing No. 3. The 
insert tested consisted of a 5U-mll thick coating of pyrolytic graphite 
on a molded graphite substrate. The performance of this inaert was disap- 
pointing. Discrete losses of coating occurred first at about 29 seconds 
and again at 37 seconds. The motor pressure trace for this firing is shown 
in Figure 20. The duration of this firing was 6U.9 seconds and the aveiage 
motor pressure was 590 psi, reduced to this level from an initial maximum 
motor pressure of 812 psi by an erosion rate averaging 1.82 mils par second, (c) 

Although ballistic calculations indicate that the erosion rate 
of tha coating prior to the first discrete loss of coating at about 29 
seconds was only 0.7 to 0.8 mil per second, the failure of the costing was 
serious, but it was tha only Instance of loas of a crack-free coating in 
tha antlra progrsm. It must be concluded that In this Insert the cumu- 
lative effect of residual stresses from deposition and the thermal stresses 
generated during the firing caused progressive coating failure. Although 
this behavior may have resulted from an undetected flaw in this particular 
insert, time did not permit further study of the optimization of coatings 
on subscale molded graphite inserts. Instead, a more Immediate means of 
reducing the stress effects was sought through the choice of another sub- 
stmttf material. The extent to which stress control can be achieved 
thittuph the use of a low modulus substrate is discussed in the section on 
stress analysis, and the success of this approach was demonstrated in the 
next subscale firing, (c) 

r   Subscale Firing Wo. 5 

The coated Insert tested in this firing consisted of s 51-mil 
thick py  ytic graphite coating on a low modulus fibrous graphite sub- 
strate, curing the 37 second duration at an average motor pressure of 
530 pel the coating erosion rate averaged 0.6U mil per second. The 
pressure trace is reproduced in Figure 22. This firing was significant 
for two reasons. It again demonstrated that a coating without observable 
flaw« could give good performance under severe nozzle conditions. Second, 
It Illustrated that the low modulus fibrous graphite could be successfully 
utilised aa a substrate and survive not only resldusl stresses Involved in 
deposition, but slso the rigors of motor firing. Demonstration of this 
second fact was particularly Important prior to the use of such a fibrous 
graphite substrate for fullscale firing tests. A photograph of the notzle 
assembly after test shown in Figure 23 confirms the good condition of the 
nozzle. (C) 
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Figure 22.   Motor Pressure Trace for Subscale Firing No. 5. 
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iiL2738 
Figure 23.  Axial View from Entrance End of Nozzle After Subscal* Firing Number 5. 
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6.  Implication of Sub»c«le Tett Results 

The subscale firings In this pr^gm were Intended to define 
problem areas In pyrolytlc graphite coatings and to Insure the successful 
demonstration of the feasibility of such coatings for fullscale notzles. 
Prom the results of the five subscale firings, the following conclusions 
were drawn. The tolerance of pyrolytlc graphite coatings for delanlnatlon 
flaws Is low. However, It was also Indicated that coatings fraa from 
visible flaws In microscopic examination could yield excellent nossle per- 
formance for costings on both molded substrates and low modulus fibrous 
substrates. The losses from the 5^-mll thick coating tested in the 
fourth subscale firing, reinforces the belief that coating integrity is 
related to the deposition residual strasses. Although no flaws were 
visible in this Insert, It is apparent that the coating was near the upper 
limit for flaw-free deposition and it Is likely that the built-in stresses 
led to failure when firing stresses were superimposed on the Insert, (c) 

C.  FULLSCALE MOTOR FIRINGS 

Four fullscale firing tests using s 2.3-lnch nozzle diameter 
in a H600 pounds thrust motor were carried out in this program. The 
fullscale nozzle design which is shown in Figure 2'- was similar to that 
used for the subscale unit. The goal of these firings was to dononstrate 
tht performance capability of pyrolytlc graphite coatings in nozzles of 
a usable and practical slza.  Bach of the fullscale firings is discussed 
separately in the following sections and the Implications of these results 
are indicated. (U) 

1.  Fullscale Firing No. 1 

The fullscale firing program overlapped the subscale program In 
the sane way that the deposition work for the two size ranges overlapped. 
This overlap was used to assure that results derived for subscale nozzles 
would be applicable to fullscale systems. The inserts selected for the 
first fullscale firing consisted of a ^2-mll thick coating on molded gra- 
phite and contained a visible microscopic separation of the coating from 
the substrate at the exit end. The nature of the flaw in this insert 
was quite different from those found in early subscale units. A test of 
the affect of such a flaw on fullscale nozzle peiformance was deemed desir- 
able. This firing was made prior to the point in  the deposition study 
when flaw-free fullscale coatings were prepared, (f) 

The performance of this fullscale insert with a known delanlna- 
tlon flaw was quite similar to the results obtained previously in ths sub- 
scale test with an insert with a flaw at the exit and. The over-all ero- 
sion rate, based on before-and after-teat diameter measurements was 2.01 
mils per second. The motor pressure trace shown in Figure 23  indicated 
a steady but excessive erosion pattern.   The firing duration (c) 
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Figure 25.   Motor Pressure Traces for Fullscale 
Firings No. 1 and No. 2. 
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w«»  36.6 second« at  an average motor pressure of 623 psl.     A summary of 
motor teat data for the fullacale firings la Included In Table VIII.   (C) 

The conalatent failure of coated Insert« with known flaws to 
provide suitable performance auggeated that  flaw-free inaerta were a 
nuat to achieve optimum performance,   (u) 

2. Fullacale Firlna No.  2 

Prior to fullacale Firing No.  2,  aucceasful dapoaltlon of a flaw- 
free coating on a Speer Carbon extruded graphite subatrata (Grade 580) 
waa achieved.    The aecond fullacale teat utilised such an Inaert with a 
47-mil thick coating.    Thla firing waa completely succesaful.    The Inaert 
showed an average aroalon rate of 0.73 ■!! P««" aecond and an average 
motor preaaure 6kk pal for a firing duration of 3I.5 aeconda.    The motor 
preaaure trace  for thla teat la Included In Figure 25.    After teat the 
coating waa Intact and In good condition with approximately one-half of 
the original coating thickness remaining,   (c) 

Further evidence of the excellent condition of the coating 
remaining on the Inaert after thla teat waa    found by examining the 
ml cm at rue tu re    of the coating.    Thla mlcroatructure,  shown in Figure 26, 
la In every way similar to that of the Inaert prior to teat and ahowa no 
Indication of damage or cracking,   (u) 

3. Fullacale Firing No.   ^ 

The dapoaltlon work Indicated that a low modulua,  flbroua gra- 
phite was an interesting alternative to the Crade 580 extruded graphite 
subatrata.    The final aubacale firing had Indicated that a pyrolytlc gra- 
phite coating on a flbroua graphite substrata was suitable for motor 
service.    To confirm this performance at the  fullacale,  a coating 75 tail» 
thick deposited on a fibrous graphite substrate waa teated in the third 
fullacale firing.    The nozsle gave good performance.    An average eroalon 
rate of 0.88 mil par aecond waa measured for an average motor pressure 
of 697 psl and a firing duration of U2.8 seconds.   The motor pressure 
trace for this  firing Is shown In Figure 27.   (c) 

After teat,  the coating waa Intact and In generally good 
condition.    Approximately one-half of the original thickness of the coating 
remained.    Two views of the entrance end of the nozzle after teat are 
shown In Figures 28 and 29.    These figures indicsta the good condition 
of the entire aaaembly.    The mlcroatructure of the coating after firing 
shown In Figure  30 «gain demonstratea that no diacernable change occura 
in the coating becauae of the motor expoaure.   (U) 
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a.  Entrance (X150) 

b.  Exit (X150) ^2749 

Figure 26.   Microstructure of Pyrolytic Graphite Coating 
After Fullscale Firing Number 2. 
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Figure -27.   Motor Pressure Traces for Fullscale 
Firings No. 3 and No. 4. 
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♦2787 

Figure 28.  Axial View from Entrance End of Nozzle 
After Fullscale Firing No. 3. 
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412736 

Figure 29.   Oblique View from Entrance End of Nozzle 
After Fullscale Firing No. 3. 
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a.  Entrance (XI50) 

b.  Exit(X150) ^12748 

Figure 30.   Mlcrestructure of Pyrolytic Graphite Coating 
After Fuilscale Firing Number 3. 
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4. PuU>c<le Firing No.  k 

In selecting an insert  for this final fullscale motor firing, 
the alternative of using an extruded graphite or a fibrous graphite sub- 
strate was evellsble.     As discussed earlier In the deposition study, 
coatinga of sufficient  thickness were not successfully prepared on the 
extruded substrate.    Tina did not permit the further pursuit of the 
deposition study,  so an insert consisting of a 100-mll coating of pyro- 
lytic graphite on a fibrous graphite substrate was selected for test. 
The goal of this firing was to demonstrate a full duration capability of 
more than 6o seconds for a pyrolytic graphite coated noxsle under the 
severe motor conditions selected for this program.    This goal was achieved 
in fullacale Firing No.  k which had a firing duration of 63.5 seconds 
and an average motor pressure of 708 pel.    The motor pressure trace for 
this test is shown in Figure 27. (U) 

Although this firing represented a successful full duration test, 
the success was qualified by two factors.    First,  although the motor 
pressure trace was smooth,  a local gouge occurred in the noxsle coincident 
with motor tailoff.    This gouge,  which because of the soft and non-erosion 
resistant nature of the fibrous substrate is sizeable,   is seen in the two 
views of the post fired noxsle in Figures 31 end 32.    Second,   the averege 
erosion rate calculated from post-firing measurements in areas away from 
the local gouge indicated a higher than normal erosion rate of 1.19 mils 
per second.    Both of these qualifications on the success of this firing 
are believed to have resulted from the non-uniform quality of the coating. 
As indicated In the deposition study section,  the coating tested In this 
firing had more than normal roughness associated with nodules in the 
coating.    To avoid effects associated with turbulence due to surface 
roughneaa,  the surface of the coating was polished prior Co test.    However, 
this smoothing operation could not eliminate the effect of local flaws 
in nodules on the coating erosion.     It is likely that enhanced erosion 
occurred in the regions Where local  flaws in the nodules became exposed 
to the surface.    Although the local  flaws sssoclated with nodules in the 
coetlog probably produced microspallatlon of the coating locally,  the 
microstructure shown in Flgurs 33 indicates that this type of flaw does 
not lead to catastrophic changes in the costing integrity.    In Figure 33 
the praaenca of submerged local  flaws in the coating remaining after 
tests indicates this conclusion to be valid.  (C) 

5. Implications of Fullscala Test Results 

The complete loss of the coatirg of the first fullscale firing 
again indicates that coatings with known dalsmination cracka are not 
suited for severe noxsle applications.    The successful completion of the 
remaining fullscale tests with nosslas that did not contain dalsmination 
cracks demonstrsted the feasibility of pyrolytic graphite coated noxsles 
for fullacale applications.    Optimisation of coatings on fullscale inserts 
was not within the scope of thia program, but the successful performance 
of three fullscale coated Inserts does point to the inherent advantage of 
this light-weight noxsle system.  (U) 
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Figure 32.  Axial View from Exit End of Nozzle 
After Fullscale Firing No. 4. 

/H2735 
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a.   Exit (X150) 

b.   Local Flaws in Nodule (X150) /K2747 

Figure 33.  Microstructure of Pyrolytic Graphite Coating 
After Fullscale Firing Number 4. 
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mrioos P*S «AS BUä, THDBFOI« mn rnm. 

AFRPL-TIl-65-57 

Cas« A-l 

Threat Location:    1.100N dlaMtar 

Location 
Radius 

Node No. 

lurface 
0.550 

1 

Rear Graphite 
1.180 

11 

Midpoint Carbon 
1.380 

14 

Steel Avarag« 
2.200 
17.18 

Timm  (aec) 

1 4*70 

TMoeratnye 

140 70 70 

2 4891 313 71 70 

5 3330 843 92 70 

10 3608 1313 206 70 

20 3848 2363 368 79 

30 3964 2899 933 106 

40 6033 3270 1230 134 

SO 6083 3343 1310 216 

60 6117 3731 1723 288 
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ArRPL-TR-65-57 

Caa« A-2 

Throat Location:    1.100** diaaatar 

Location 
Badlua 

Roca Ho• 

Surface 
0.550 

1 

Koar Graphita 
1.440 

13 

Midpoint Carbon 
1.730 

15 

Staal Avaraga 
2.200 
17.18 

Timm  (jM) 

4430 

21 

1 84 70 70 

2 4850 164 75 70 

5 5283 533 150 70 

10 5550 im 398 78 

20 5798 2004 959 143 

30 5932 2654 1443 263 

40 6021 3156 1846 413 

50 6085 3557 2185 565 
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Cat« A-3 

Throat Location:    1.100N di «Mtar 

Location 

ladiua 
Hoda No. 

•urfaca       Maar 
laar PG 

0.550       0.574 
1               5 

laar Graphita 

1.180 
14 

Midpoint Carbon 

1.580 
17 

8taal 
Avaraga 

2.200 
20.21 

Timm lame) 

5925           804 

TMDaratur«.   •» 

70 1 85 70 

2 5959          1119 152 70 70 

5 6006          1643 405 78 70 

10 6054         2184 780 133 70 

20 6113         2866 1350 332 74 

30 6151          3326 1772 560 89 

40 6178         3620 2041 776 116 

50 6199         3858 2365 970 154 

60 6215         4046 2582 1142 201 
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Caa« A-4 

Throat Location: I.IOO" dlaMtar 

Location 

ladlut 
Mod« Mo. 

lurfaca  Maar  laar Graphit« 
laar IG 

0.550  0.574     1.440 
1      5       16 

Midpoint Carbon 

1.720 
18 

Staal 
Avaraga 
2.200 
20.21 

TIM <aae) I. !£ 
1 5925    S01       72 70 70 

2 5958   1117       94 71 70 

5 6004   1611       232 89 70 

10 6045   2076       484 174 72 

20 6096   2662      910 401 91 

30 6129   3057      1247 615 132 

40.4 6156   3360      1481 810 192 

50.4 6175   3585      1756 974 259 

59.4 6190   3749      1929 1107 325 
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Cat« A-5 

Threat Location: I.100" dlaaatar 

Location  Icrfaca taar 10  Eaar Oraphita 

tadlua 
Node No. 

UttJUfi) 
.05 

.1 

.2 

5 

1.0 

2.2 

3.2 

'0.2 

20.2 

30.2 

40.2 

SO.2 

39.2 

0.550 
1 

4720 

3130 

3450 

5782 

5933 

6081 

6134 

6132 

6176 

6193 

6207 

6218 

6227 

0.610 
6 

70 

70 

73 

100 

173 

348 

624 

939 

1406 

1758 

2038 

2268 

2445 

1.250 
14 

laar Carbon Maar Outtlda 
(In ataal) 

2.000 
20 

atttii *y 

70 

70 

70 

70 

71 

95 

228 

456 

826 

1121 

1364 

1570 

1732 

70 

70 

70 

70 

70 

70 

70 

70 

72 

79 

92 

112 

135 

2.220 
21 

70 

70 

70 

70 

70 

70 

70 

70 

71 

75 

84 

100 

119 
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Caaa 4-6 

Throat Locatioa: 1.100N dl« ■atar 

tocatlM 

■AdluS 
Rod« Ho. 

lurfac« 

0.550 
1 

taar 16 

0.610 
6 

Raar Graphita 

1.500 
16 

taar Carbon 

2.000 
20 

Maar Outside 
(in ataal) 
2.220 
21 

TiM (sac) 

4720 70 
Twin run •m 

70 .03 70 70 

.10 5130 70 70 70 70 

.20 5450 73 70 70 70 

.50 5782 100 70 70 70 

1.0 5965 175 70 70 70 

2.2 6081 348 77 70 70 

S.2 6133 603 146 70 70 

10.2 6149 857 297 71 70 

20.2 6168 1230 565 78 7? 

30.2 6182 1522 790 97 86 

40.2 6194 1762 983 125 108 

SO.2 6204 1966 1151 160 138 

59.2 6212 2124 1285 197 170 
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Cat« B-l 

Throat Location: 2.300** dlanatar 

Location 
ladlua 
Hod« Mo. 

Surface 
1.150 

1 

Roar ftoar 
Graphlta 

1.950 
13 

Raar laar 
Carbon 
2.685 
19 

■oar Outalda 
(In atool) 
3.0225 
21 

Timm  (aac) 

1880 

lam 
70 .05 70 70 

.10 2410 70 70 70 

.20 3000 70 70 70 

.50 3778 72 70 70 

1.0 4330 95 70 70 

2.3 4901 247 70 70 

5.3 5328 660 70 70 

10.3 5602 1239 71 70 

20.3 5839 2043 90 75 

30.3 5957 2582 133 93 

40.3 6029 2973 196 130 

50.3 6079 3271 272 184 

59.3 6112 3484 348 241 
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Caaa B-2 

Throat Location:    2.300N dlaMti 

Location 
ladlua 
Mod« Ho. 

Surface 
1.150 

1 

.05 1880 

.10 2410 

.20 3000 

.yj 3778 

1.0 4330 

2.3 4900 

5.3 5321 

10.3 5579 

20.3 5797 

30.3 5909 

40.3 5981 

50.3 60)2 

59.3 6066 

Roar taar 
Graphlta 

2.185 
15 

Raar Roar 
Carbon 
2.685 
19 

Roar Outside 
(in steal) 
3.0225 
21 

TMDaratura. •» 

70 70 70 
70 70 70 
70 70 70 
70 70 70 
74 70 70 

132 70 70 
370 71 70 
774 82 71 

1413 143 91 
1881 235 142 
2240 343 216 
2524 456 304 
2732 559 389 
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CM« B-3 

Throat Location:    2.300" dli itor 

Location 

ladlua 
Mod« Ho. 

Surface 

1.150 
1 

■oar IG 

1.195 
6 

Roar Graphit« 

2.000 
12 

Roar Carbon 

2.750 
20 

Hoar Outalda 
(in ataol) 

3.000 
21 

Tin fltf* 

.05 

j 

4550 70 70 70 70 

.10 4980 71 70 70 70 

.20 5330 81 70 70 70 

.50 5692 155 70 70 70 

1.0 5881 307 71 70 70 

2.3 5995 592 96 70 70 

5.3 6035 960 240 70 70 

10.3 6065 1363 496 70 70 

20.3 6105 1939 923 72 71 

30.3 6135 2359 1266 80 76 

40.5 6138 2690 1556 97 88 

50.5 6175 2952 1797 122 108 

60.5 6191 3169 2005 154 136 

70.5 6203 3353 2187 193 170 

80.5 6214 3511 2347 236 209 

90.5 6224 3648 2489 282 252 

100.5 6232 3767 2616 331 298 

110.5 6239 3873 2730 383 346 

120.5 6246 3967 2833 435 396 

130.5 6252 4051 2927 487 447 
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Caaa B-4 

Throat Location: 2.300** dli ■atar 

Location 

lodiuo 
Rod« Ho. 

Surface 

1.150 
1 

laar PC 

1.195 
6 

laar Graphite 

2.250 
14 

laar Carhon 

2.750 
20 

Rear Out*id« 
(in staal) 

3.000 
21 

T4«> tmm*\ 

4550 70 

•y 

.03 70 70 70 

.10 4980 71 70 70 70 

.20 5330 80 70 70 70 

.30 5692 155 70 70 70 

1.0 5881 307 70 70 70 

2.3 5995 591 78 70 70 

5.3 6035 949 158 70 70 

10.3 6061 1309 336 71 70 

20.3 6097 1810 663 80 75 

30.3 6123 2181 939 103 90 

31.3 6125 2213 965 106 93 
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Gas« B-7 

Throat Location:    2.300M diaaotar 

LocaeloB 

iiod« He. 

Surfaca 

1.150 
1 

taar IG 

1.195 
6 

laar Graphita 

2.000 
12 

laar Carboi 

3.125 
20 

i laar Outaida 
(in ataol) 

3.375 
21 

.!■• Urn} J 
.05 4550 70 70 70 70 

.10 4980 71 70 70 70 

.20 5330 80 70 70 70 

.50 5694 155 70 70 70 

1.0 5882 307 71 70 70 

2.2 5993 581 94 70 70 

5.2 6035 954 237 70 70 

10.2 6064 1359 493 70 70 

20.2 6105 1937 921 70 70 

30.2 6134 2357 1265 71 70 

40.2 6157 2683 1550 73 72 

50.2 6175 2947 1793 78 75 

60.2 6190 3165 2002 85 81 

70.2 6203 3350 2185 96 90 

80.2 6214 3509 2348 HI 102 

90.2 6224 3647 2492 128 120 

99.2 6231 3757 2610 147 135 
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Intranc« Location: 

Cast C-l 

1.840N diaaatar (1.100" throat) 

Location 

ladiua 
POOtt Wo • 

Surface 

0.920 
1 

laar PC 

1.750 
5 

Roar Carbon 

2.250 
9 

laar Outaida 
(in ataal) 
2.5375 

11 

XiM (ffff) 
620 70 .05 70 70 

.10 850 70 70 70 

.20 1150 71 70 70 

.50 1650 92 70 70 

1.0 2095 170 70 70 

2.2 2692 417 70 70 

5.2 3491 975 71 70 

10.2 4207 1675 80 72 

20.2 4925 2607 140 103 

30.2 5299 3214 243 177 

40.2 5528 3641 371 281 

50.2 5683 3955 507 399 

59.2 5783 4170 631 511 



AF1PL-T1-65-57 

■ntrmea Location: 

locatioft        Surfte« 1 

ladlu« 
Rodo He. 

.05 

.10 

.20 

.50 

1.0 

2.2 

5.2 

10.2 

20.2 

30.2 

40.2 

50.2 

59.2 

0.920 
1 

620 

850 

1150 

1650 

2095 

2692 

3492 

4210 

4928 

3301 

5332 

3689 

5791 

CM« C-2 

1.840* 1 dUMUT (1.100M throat) 

Mr fC 

1.750 
5 

l««r Carbon 

2.625 
10 

Haar Oatalda 
(la ataal) 

2.925 
12 

T— •raturt. •? 

70 70 70 

70 70 70 

71 70 70 

92 70 70 

171 70 70 

418 70 70 

979 70 70 

1681 70 70 

2613 74 71 

3222 89 80 

3655 118 101 

3979 160 135 

4206 209 175 
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Caaa 0-1 
latraaea Locationi   3.340" dlaaotar (2.300H throat) 

Location        furfaco 

ladlua 
Neda lb. 

1.770 
1 

Tina (soc) 

.05 670 

.10 900 

.20 1180 

.50 1690 

1.0 2181 

2.2 2842 

5.2 3703 

10.2 4442 

20.2 5148 

30.2 5500 

40.2 5712 

50.2 5852 

60.2 5950 

70.2 6022 

80.2 6077 

90.2 6118 

99.2 6148 

laar M 

2.625 
6 

3     laar Carbon 

3.250 
12 

laar Outalda 
(In ataal) 
3.5375 
14 

70 70 70 * 

70 70 70 

71 70 70 

90 70 70 

175 70 70 

445 70 70 

1054 70 70 

1810 72 70 

2799 99 82 

3433 162 123 

3876 255 194 

4200 365 285 

4445 484 391 

4635 605 501 

4783 725 612 

4902 841 723 

4990 943 820 
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Caa« D-2 

Batranc« Location:    3.540" dl«ator (2.300** throat) 

Location Surface 

Radius 
Moda No. 

1.770 
1 

.05 680 

.10 900 

.20 1180 

.50 1690 

1.0 2181 

2.2 2842 

5.2 3704 

10.2 4444 

20.3 5156 

30.3 5506 

40.3 5716 

50.3 5855 

10.3 5954 

70.3 6027 

77.4 6067 

laar IG 

2.625 
6 

Koar Carbon 

3.625 
13 

70 70 

70 70 

71 70 

90 70 

176 70 

446 70 

1059 70 

1817 70 

2815 71 

3446 78 

3880 95 

4212 124 

4461 164 

4655 214 

4768 254 

Rear Outaldc 
(in stool) 

3.925 
15 

70 

70 

70 

70 

70 

70 

70 

70 

70 

74 

85 

107 

139 

182 

216 
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APPENDIX B 

CalcuUtsd StrMSM In Fr«««Standlng Cylindrical 

Shtlla of Pyrolytlc Graphita 

NOTE:    Saa Appendix F for definitions of symbols usad In this Appendix. 
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APPENDIX B 

PHYSICAL PROPERTIES INPUT  DATA 

Pyrolytic Graphite:* Young's Modulus 

Young's Modulus 

Polsson's Ratio 

Poisson's Ratio 

Poisson's Ratio 

Shear Modulus 

Shear Modulus 

Total Thermal Expansion    a AT 

Total Thermal Expansion    or AT 

E 

E 

ac 

ca 

aa 

4.5 x 10" psi 

1.5 x 106 psi 

0.90 

0.30 

-0.16 - 

0.2 x 106 psi 

2.68 > : 106 psi 

-0.00144 in/in 

-0.0432 in/in 

*   Reference 7. 
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APPENDIX C 

Calculntad Stresses in Coaposit« Cylinder! with 

Pyrolytic Graphite Coating on the Inside 

MOTE: See Appendix P for definitions of symbols used in this Appendix. 
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APPENDIX C 

PHYSICAL PROPERTIES INPUT DATA 

Pyrolytic Graphite:* 

Molded Graphite:** 

Extruded Graphite: ** 

Young's Modulus 

Young's Modulus 

Poisson's Ratio 

Poisson's Ratio 

Poisson's Ratio 

Shear Modulus 

Shear Modulus 

Total Thermal Expansion 

Total Thermal Expansion 

Young's Modulus 

Poisson's Ratio 

Total Thermal Expansion 

Total Thermal Expansion 

Young's Modulus 

Poisson's Ratio 

Total Thermal Expansion 

Total Thermal Expansion 

Ea 4.5 X 10" psi 

Ec 1.5 X 106 psi 

V 0.90 

uca 
0.30 

v.a -0.16 

Ga 0.2 x 106 psi 

Gc 
2.68 x 106 psi 

aaAT 
-0.00144 in/in 

a AT 
c 

-0.0432 in/in 

E 1.5 X 106 psi 

u 0.35 

or AT -0.0046 in/in 

a  AT 
c 

-0.0070 in/in 

E 1.5 x 106 psi 

u 0.35 

a AT -0.0044 in/in 

a AT -0.0076 in/in 

* Reference 7. 

** Reference 9. 

107 



AFRFL-TE-65-57 

o 
o » 

» w 
o c 
o o a 
o ■ § 
o o 
o Ol 
<o • 
mt 
• « 
1 * 

««> \J 
3 , 
Z 

8 o 
O m 
o c 

1 
• 
o 

• 

• 1 O o mt 
o o in 
o Q •» 
o • Q <o 
o < o o o ' 
o c o 3» «0 
o ^ I  o 9> n» 1 

o (• «  o • • 
0> 4 

1  o 
• ►  o o «M ' 

1 in ac ru p 

OJ o i f\ yj 
D 4 • 
Z < 

■ z 
o 
1 o ■: 

o ri » 
5 C o • 

o 
o (X 1 

• ( o 9 
o c o O 1 
o c t         m o <o 
o c >    o o * 1 
o c o o O o c > o r» in 
o 4 t     o • a» 
o •4 t     o 1 • 
o ^ • o N 1 

• 

f 

3 
-4 i 

~* • u 
3 * (M 
z 4 Ui O 

1 o 
»>- 4 1  o o ■C 
o C • o o o 

• 
f> 

O 

• »   » o 0» • ry| 
o C >  o o «4 •f o 
o c )  o o * J 1 
o c > o 2 (^ » * 
o c > o 4 f- o « 
o c >  o t m* •n ^ 
o c ;  o 1 m ^ * 
ID c >  » < • P«J m 
l-< p 4        <t\ tm *4 pi 
• >          • at N • -H 

Z ■« 1 CO 
»>» f> - o »- U «M « 
ki t. )       X O CO • 

1 
1- 

r» r o •M o « 
o c )     o c 

f 
o 

-*      • k   » 
1 
• « •> 

o < r o o m CV z 
o *• • o o o •^ •■* 

o ^ o o 3 <o < 
o i % o o r- «4 a 

• o a > o o o in ►- 
o o r • o o m ■* i/) 
Z  if» « »  <0 i « o 

♦ «« «1 * * • —t -i 
bJ  • i       • • • < 
«0 l ■4 I M 
<    — P «  »« « •4 *4 M 
u    tu «. )  or o KJ (C < 

OOOOOOOOOO0O 
oooooooooooo 

<oooooooooooo 
i OOOOOOOOOO«-! 
O c o * ^»-»r^inaDin*^ 
«or--« 4'J0-9->s>0>no«0 

OOOOÖOOOO 
OOOOOOOOO 
OOOOOOOOO 
aooooinooc^m 
nco«^o(if«o«in^ 
itin^^Mttin^-o 
.-ii-tiHi>i(S|<Mn(lMtn 

5 

I I I f • I I I I I I I I I I I I I I I 

^ 0> rg %o r» 
r- (v >o >o o 

4: r~ <* * -o •* 
J. o^ w ■» «n _ 
O rg <M i^ (M in in 
•* * • ♦ oo ^- ft* 
li) O» M o o d> 

<•» ^« »H r» «•»•*« 
• • • • • • 
l I l I l I 

cccocooooccoocooooccc 
OOOCOOOOCCOOOOOOOOOOC 

OOOOOOOOOOOO 
COOCOOOOOOCO 

aoooooooooooo 
OOOOOOOOOOOO 
oinoinoinoioinoin 
O ^ «^ ^4>h>9>0'>il^M><0 

«nininininininininininin 

OOOOOOOOO 
OOOOOOOOO 
OOOOOOOOO 
OOOOOOOOO 
oinoinoinomo 
aDO>^(M^inr>aDO 
^fc P^ 00 CO QO CO flD 00 v" 
mininirtirif>if>mir 

o o o o o <fc 
| o o o o o c 

• ••••• 
o o o o o o 
o o o o o o 

a o o o o o o 
o o o o o o 
o o o o o o 
o o o o o o 
(h r- in «*> »H o> 
in io r- es o> ^ 

108 



AFtPL-II-65-57 

o 

o 
o 
o 
o 
o 
o 
o 
IN 

i 

; •   t 
I 
yj i 

o 

<0 

t 

9> 

N     h« 
t     N 

m 
31 •• 

0  « 

I : 

IT 

^ i^ <n 

f?? • • • 
o o 

♦ I»» I1' 
ir N ir 

O OO 
i r i 

• <>» 
OB I ■ « 
O (J -^ 
in M «4 
9> (> 9> 

•   • 
(M O 
-« ^ ... 

rsi rg i 4 IM is« rg ix 

ff ff????? 
•  •   k • •  • » 

p^ « 11 « <n ft iM 

iri o 
«0 

I« 40 # •*•* 
I ) 9> A O -M 
^ O^ IO 9 
IN <Vi i^ <n « 

in « )• s 

I   I   p   I   I 

n in 

^   O «M I 
MM i 

rg <il (M N M N 
opop oe 

•4 I «  .N 
«.» N 
• < I M > 
« < IW I 
xi • 4 «n (»»( 
N i > « 4> <AI 
M <( M N M l 

OO 
IrTllN l/\ I 
OOO 

I s|2«; 
I I • J» K O* 
< » » « « O 
( > • » ON 
■ ' <»> M IM «» 

9> 9> (> 9> 
0(> « 
0> J» « 

• M f 
»o p o o < 

00 o o o 

1 *fk PI »« * 

I   I   I   I   I       I   I   I   I 

coo NINNMNN**fcMMM**«£**P££ 
opeeoooooooeoieoop 

N 

i k i i i « i M I • i 

I 

So p o 
oe o 

ooeoopoooeo 
eooocpoooeo 

M «M M M Ml 
O O O O Oi 

• r i 

OOO 

K 111« I 
l*M(* 

000 000 
•  p  •  »  » 

I I M M M M M 
• I  1^   ^^  f^  fft 0% I ^ 
o « <o <« <o <o <> 

1^ W 1^ 1^ ^^ c \ 
OO O OOO 

* ^ r>- M »** 
;: rf\ MO « oo 
• • M o n w M 

* « « « >4| > 
» r» g» • w > i 

S53 

^ ^ n M M«< 
OOO O OO 

m 

T K ö • r» M«« 
Jir «r> m m 9> n 

_ Möf 121« 
tip #SP4I il ry M tn ^ CN<« 

o« M ■« N m 
i • t  • • 
I  I   I   I   I 

o o o o o- 
o o O OOo 

S  3 
•: i o S ^ *' 

!r#iX^tiiinir****i ***S3 

•§gsi§s 
O SS § S«4 

;   »< t>^ IT mO 
* <e K • o> — 

lOf 



AFRPL-TR-65-57 

fi 

o 
(I 

§   SI 

I 
et    n 

I i 
o 
o 

o 
o 
o 
o 
o 
o 
O       41 

I 

r* 

o c c o •   o 
O     O 
z      IT 

Ui • 
M 
< -« 
v. u 

♦ 

o 

o 
o 
o 
o 
o 
o 

t 
§ 
o 
o 
o 
<o 
■* 

* 
I a o 

s 
o 
o  I 
o ; 
o  I 
N   I • 

in 

I s 
•   I 

N   | 
IN 

O 

rg 
GO 
O 
O 
•»• 
o 
if» 

CO 

I  OJ 

i 5 o 1 <o 

o 

o 

vO 

o 
lt\ 
r« 
«M 
•-t 
• 
I 

OJ 
(C 

o 

CM 

<o 

•n 

c 

o o o 
I  I  I  I 

I  I  I I I I I I  I I I I I  I 

■A in ift in 
9000 

1 in n in in ^ 
00000 

»\ 

tM 
0000 

< 4 -f & \t\ -b *• & 
x o o— a $ 4 m 

00000 
'    «N* O "-• 

•» in rg 
0<or-Oin.*i(D.o.»(MO 

h>oinorf-<tmiO'44> 
10 

r r •* r r ■ 1111 

in in in in in 
00000 

ij 

00000 
■« O ■» O ro 
Cl rvj ifi —< o 
I»I « »H d r\j 
(Nl   f)  PM   L XI 
^^  >   -O   -O J"» 
^  O ^) -ü >o 

I     I     I     I     I 

I« 

■   Mi 

•n in in in 
0009 

rVi 

0000 
rr, ^ 00 ■O 
o o 'O >n 
•t >l> in •*• 
^^00*^ 
CI (M "i O 
<o <c <o «o 

l   I   I   I 

0<OOOOOOOOO 
(riin(M.onoooooo 
cor-^ioinoinr^oo 
iOo-^oin^^^f^c^ 
fH>ocDiN'o^i*»^<oin 
04>inc*>03)«0^'09i 
•Hsr- ^) ^i w rvj -< (\j oc 

(^«^•OBj-^i^r-h-O 

•Mrgo\(\i^<o4>goO(r>^ 
«r^BO»xi*i>or^r~-r- 

cocooooooo 
i 

I  I  I I  I  I  i 

ri pn en ci <V fVl rg 

•    I   I 

ripnenciojfVirgMc^C» 
ccoooooooe 

(M r<l M (M ,~g r ) 
O ^ 3 O O O O 

O n M r» a» 
p rg O ^ r ' 
Hi 4 «t « r> 
in « ^ « :i 

in r- r. nio> 
p m ■n o> 

0000 

p» <> 

? 
ul 

O * 

-O '-' J  X) o p 
~ & tmt* m * <> 
»■ 4 co xi <A o v 1 

<o nt pg oi in in 
«: a) »M -< o -o 5- 
3 '^ -H h- r>. <o rw 
U ^ M «0 (M O t 
• • ^ ^ et m 01 (it 

i 
pg 
o 
I 
» 

00 
pg 
r- 
^ 
<o 
o 
•* 
m 

OOOOOOOOOOy>00000 
oooooooooocooooo 

0000 
0000 

< coooooooco^ccooopooco 
Z CO<oeo<oininpg4r^in(no>mjoopoo>Hr>> 
o o»-iff><oomo>oo>o><,>i»N"''<i»i*9>^in«'«> 
•» o X' >» i>jf^30«n4>pg>«pg<ocrim»4'0«(Ma>K> 
«/) O^-mr-'M^^r-h-r- * <t r-< » * r~ ■* t*\ n 4 r* 

pg>0'-<'^'MPg<N',g'NfMpgfvj'vj'-<—<o ^ —< r^ 1-1 IM 
.«••••••••   t  •••••••••  • 

«»i «♦» pg pg IX 
OOOOO 

O» -» * «0 -^   _ 
. 9> « * 90 r* a 

< if» 0> -» oo -< » 
$0 <0 P- ^ pg * 

> Pg IO (»» 0> 00 
—• «« ao -^ -< O * 
i/l pg >» •» * ro 30 

pg >^ > X» pg >-• 
• ••••» 
• till: 

i 
< 

i« 

< 

cccopooooccccooo6oooo 
coccooooccccccoopccoc 

ooooooooooco 
oooooooooooc 
ooooooooooco 
oooooooooc 00 
OOOOOOOOOOCO 
o-»a>pg<ro<»ccpg<oo>> 
O o A> r - ^ aj ao ao 0" a O o 
inif^>nu>ifiifiininifiif>iCiC 

0 000 OOOOO 
000000000 
000000000 
c 0 0 00000c 
J 0 0 0 OOOOO 
00 pg 4> 0 ^ «> pg <fiO 
0 i-i t-i rvj eg rg c» (•* -* 
.0 •c -o -O <o <o <o >c <o 

, OOOOO^ 1 o o o o c c 
• ••••• 
000000 
000000 

or o o o o o o 
000000 
000000 
OOOOO-» 
-* pg O * ^> O 
<0 l>- co co ©> -< 

i no 



AFIlPL-Tt-65-57 

i i 

o c 
► 
o 
o o 
§ o 
o 

o o o 
o    o o * o 
O       0> 
O      ** 

§ •: o o o 
>f> a 
«•* 
• 

rt 
D O 
Z       I » 

n 
r-     o 
O     O o • o o    o 
8   p 

o 

o 
o 
o 
o 
o 
o 
o 

O o I 

c 
s 

2 

< 

ui    «9 

* 
o o o o o o 

IM 
UJ O 

o o o o a • o o o o o o « o « o • 
O I 
» < 
in K 
• UJ 

o 5 

o 
o 

IM 

4 

O O 

s s o o o o o o 
S i • • 

I 

be o 

in 

•o 
o 
a> 
IM 

IM 
IM 

>0 
o 

(M 
00 
o 
•o 

(»> 

O 

• o 
I»» 

** « 

r- o» 
f* o 

M r- 
• IM 

«M • 
-« I 
U IM 

S 

O *0 o 

m IM e -< 
l t ^ 
:   O >f> 

i <o o 

^ • -: 
^ I 

o 
I 

r\» CM -v: 
o o o o 
III 

(M -M 
0 o 
1 I 

-< OJ W ■»   -» 
0> (M * (M !•« 
vO -4 « IM » 
SO -< tM 1»« IM 
in rsj 3) ■» O 
N- m S -» O 
o ml  -4 IM n 
IM IM M fM <M 

: J (M (M (M (M 
O O O OO 

i  i  i T 
a • » » 

. \ O ^ © ^* 
O -H r»- r^ o 
r- <o « OBIM 
• ■« > « IM eo 
<) —< i»- tn a> 
.» -H ^ (M r>- 

^ ■» in«n 
."V (M IM M IM 

I  I   I   I   I 

tT» iTV J> 
o o o 

I  I  I I 

i^ t/\ »% IA in tn IIN 
O O O O O OO 

000060000 
04><r>•^k^90^>■lM 

oor-r-o<t«ino<0<4> 
iTOtTtOA^I^IMO 
«■fmoiMrgixixO 
IM<MIM(M(4<MIM(MIM 
IMCMINIIMINIMIMIMIM 

I    I    I 

OOOO 

I     I 

• • t • 
0 0 0 0 
0 

rfX ♦ O 1»» 

o> *> « O 
1« IM S m 
»r 0« IM<0 
«n f- (M "O 
IM IM m« 
• 
1 r r r 

I I • I 

^ * •» ■» 
O O OO 
•   •   • • 

o> l«> ^ 

OOOOOOOOOOÖOOOO 
000000000060000 
■»>$e0*9>'tf<*>*-»4»'H$(MO 
OO •* 0» M tf >> tfl^<MOI*>4>^'t4 
^^-•h>0'40'^iMir»iI>^-4<09> 

O>r»O<'>qD(M'0O-9,J0<Mr^-<^\0v 

U 

rg IM IM IM fM r 1 
OOOOOO 
I    I    I    I    I *   »   •   »   • 

— O » <^ -t <» 
r> aj (M O fM > 1 
IM O <9 <8 -4 9 
eo IM ■* X» pg . 
00 iT (> >0 0» 0 > 
h- 1^ A m O r • 
irt IM ^ >o f» c > 
IM in m « m u 1 

I   I I   I 

(ft ift (ft (ft (ft (» 
OOOOOO 

M   •   •   •   •   ( 
<» * ^ IN * rll 

^ f^ fw r- >o r^ v» 
dO QD OD 00 00 C ) 
r- r- r- r- r» r- 
O1 O 7- C Ü> < ' 

^ o* ^ ^ c^ c * 
if» »r> in x> J\ 11» 
• • •  • • • 

(ft (•> (ft (ft eft (ft 
O O O O O 1 

I I I 

•-■••■•(MIMIMIMIMIMIM1 

OOCOOOOOO 
I 

III! 

t (ft fr^ (ft (ft (ft > 
OOOOO 

till 

(ft fft (ft (ft 
OOOO 

r- OD O ao OD 1 
O •« IM (ft -4 1 

»^ >0 •><>•• (ft 1 
»fi O Ift ♦ IM ( 
IM r»   O O r4 < 
00 ^ co ^ if» 1 
■3 ~> 4 O t~ J\ 

M ^ (ft (M (M i-i :t 

K OOOOOOOOO 
OOOOOOOOO 

< OOOOOOOOO 
XOOOOOOOOO 
O OO««»-»«»» 
— oao-4»s7>oiM>ri 
1/) o^o-d-tift^ini^ 

(ft    ^r<r^Mlft-»lA>0 

(ft r> IM (M (M 1 
OOOOOI 

000000000000 
000000060000 
ooocooopooco 
OOf^r-l*  ■*IM(Nr»0O(MM 
«M40<OO<ta0(MMnr-»O'H 
0><MOr^^(MiM(M<ftif>»lft 
oir'-<iM^<oco6rg'^'c9'     ^ 
e0»i«H>4Mi-ilNIMIMIMIM I 

I 

q: -^ rg \0 ^ ^ 1 
eo » ift a> N •*• 
O ifi O -» t»< rf» 

X « O <M Ift h- 9 
Vj) -« «O ^ in rg •*" 
•* (ft ■» » » O i|> 

» « (M IS O « 
(M M 0» ■♦ pg »^ •   •••»» 
I I    I    I    I 

2 I OOOOOOOOO 
OOCOOOOOO 
OOOOOOOOO 
OOOOOOOOO 
otoinOinoino 
OM|ft<t«^>»OIM 
<o«««««<or~r- 
^iriiriiniriinininin 

OOCOOOOOOOOO 
OOOOOOOOOOOO 
OOOOOOOOOOOO 
OOOOOOOOOOOO 
«ncir»oino>r>0>r»o«i>o 
r»ir«eo»-4rg«irtr>(oo 
^^^^r^ooaoflOflOflOtD» 
g^tf\-rt«rtn<r\irtir»ir\rf>ifMr 

1 

I    C   C  O  ~4 ~4 i< o c c o o c 
I 

»••■••   fc 

OOOOOO 
OOOOOO 

«OOOOOO 
OOOOOO 
000000 
o o o ^ IT» a 
0> »ft ^ O ^ IM 
»r* h-  OO  m* v* ~» 

ill 



AFRPL-Tl-65-57 

§ 

Ui      O 

• 
o 
o 
o 
o 
o 
o 
o 

in 

« 
o 
oo 

• 
IM 
rg 

O 

IS 
O 
■O 
■* 

o 
«n 

o 
• o 

«n 
o> . 
— o 
•t <o 

r«- O 
« in 
CM r» 
• «M 

n* • 
U <M 

W «»> (M »M 
0 o o o 
1 I I I • •   »   • 

K o o<o >n 
f^ <-• r>- <^ 

3  OfM O •* 
* -» 9« ^ 

S* O » 
OO O 

ao ff> "« -« 
• • • • 
I   I   I   I 

in in in m 
c oo o 

Nl 

< o 
Z  N 
O  t 
H    «»I 

«M 
M • 
I 

•   •    •   •    • 
I    I     I    I     I 

fM •■M fM (M M 
0 o oo o 

1 I I I I 
• »•♦•. 

f^ O IM ■♦ ^• 
0 "^ -o i) ^ 
•H S  O  -t   -9 
r- x» -^ in o 
OO ^ CD FM O 
<o * n /\ * 

f». a) > o -H "vj 
4< -< -« IM rg CM 

-    • •   •   •   • 
1 I    I    I    I 

i\ inininin ininininin^in 
ooooopooooo 

ooooboooo 
OOO^Xi-tOrf«» 
'■« CD  vO  -» (»>  -< 
^) * r^ <t in O 
o> O ('I •t< ^ 4> 

i O o o o o 
i ^-i */> h- *-* ^^ 
o -o -c o -o 

i c o »o o >o 
i <0 4) r^ 0< O 

(M (M rg rg . 
o öoo o 
i T i • i • » • • • 

rg O >0 > O 
rg « 91 4 o ' 

: i >* to «n >* s < 
in o «» r» 1«^' 
«»» IM co r» N ' 
-N m -« o oi i 
r- ♦ -<• * 
rg m ^ 4 in < 
• •  •  ■  • 
•MM 

CO C^ W 1^ (*^ i 
o ooo Oi 

»   •  •   » 
o o o o 
> vo «^ in 
rg «M IM »M 
O >£\ ^ >C 
■t t* O ih 

r> >^ •-• n 
• «4 f1» w 

v,ivi^i*T^vt»«j4)tOining^^ir*tf%^jn4^r^uiTi 
N4><n<#rM-*40J> Drh<oXi^rri(r\rvi — OOO- 
IM(M(M(M(>j(M(M—.—<4-«i-i-H'-— -<-^—  ««O 
rgtMiMiM.'MrMiMiMrgi^grgrgrgrvjrgriioij'MNiM 
•   ••••••    •■••••••^•••» 

I    I    I    |    I    I    I    I    I    |    I    I    I   I    I    |   I    I    I    I 

•»-»^-»i»«rg<ri4^  <»-t^«<»<*<t 
OOOOOOOOOOpOOOOO 

t * * Xi 
OOOO 

OOOOOOOOO 
OOOOOOOOO 

< 
S 

O6OOOOOOOOOO 
OOOOOOOQOCQIM 

-<^f^0>OOOO-<<M<TiOO-'f~(r>'>l-,O>0^ 
«rg^Or^Ommo* •»0>iOXir--(^xi(foo-<rgfM 
iocoo«ooO'tin(nrg4>irio>-«<-<<l>inip^>^9>^ 
^O-*,ff1<'>-tf*--*>0'*-4)0D«f~-ifirriöf-->*0>-» 
4>o>'4i^inin>HiniMO 1Ofricr--»'-<cc-t-"f,-o 
i^r\(iM>-*4>3>s>^rM(M(n^ininiO^'rfxilk9>«M 

I I   I    I I   I   I   I   I 

•-< IM (M 
OOO 
I 

rg rg rg rg IM »M 
OOOOOO 

IM -li IM 
OOO 

IM rg IM i** 
OOOO 

rg 
O 
I 

o 
o 

in 
o 
.» 
• 
I 

OOO 
OOO 
O c c 
OOO 
o in 10 
o «r» 
o ^ in 
i^ -< rg 

OOOOOO 
OOOOOO 
OOOOOO 
OOOOOO 
>o IM o >o a> •» 
^ » » («■ * -* 
(TN r» a> <o <-i m 
1^ 1*^ 1^ !•% I*> IM 

o O o 
oco 
OOO 
OOO 
o> o in 
r- (Xi « 

<-< IM •-• 

t 

I I I I 

i*^ (Ti ^\ en 
0000 

*(1   • »  » 
n S co 

<  f~ CO  » 
in in in 

ip in in in 
•t c c- &• 
o « « CO 

* <» ■» 

• • • 

CO « 
» s 
in n 
in n 
a o> 

i*^ co 1*^ en i*> 1 
OOOOO 

o> •» i-i in t* 
rg >o m in P- in 
GO o <o in r- cr 

) -« o A 
I O 1^4 
• m «n rtj 

co in a> < 
>o *0 iO ' 
« ©> r- 
in CM in -« a 4 
^ m CM CM «I 

d 1*^ rg CM CM > 
00000 

OOOO 
OOOO 
O O O c 
o o o m 
rg in 0> 00 
4> mr>- in 
0> CM h- »^ 
10 <o (0 •-• 

§0000 
OOOO 
OOOO 

O oo in <» M 
in«o w <» «> 
<A ^ in tn m 
•f f~ »■« in a» 
•M 'H IM IM CM 

I I I I I I 

1 

I I I I 

O 
■ 

. « •> 
m CM z 

i 0 — *•- 
<o O < 

1 '* -« a 
1 0 m ►- 

«n «» t0 
1 « 0 • -< _J • < *-» 1 •.-• 
1 — -H X 

\J (S c 

*-     ac 

1 I 
coooooooacccccooOoocc 
occoooooor, cccoocooocc 

oocooooooooccooooococ 
ooooooooocooooooooooc 
occooooooooocooococoo 
ooooooooooocooooooooc 
cir^jinoinoino inoinoinoin3inotno 
orgin^-oiM^ir-o njinr^oiMin^-ocMin^o 
<o<c<o<o^-r-r^r~coco«co^oi9>oiooooi-i 
inininininininininintf>ininininin<04>'0<04> 

0 1« >o in oo 
O O >o rg * 
o* •-• g> ^ ^^ ( 

a CM 01 <0 in co O 
vp o> 00 IM in m -» 
•»• «n <o 0> CM ■« »t 
«A » « •* O O O 

; CM •-« 01 in ni IN 
• •  • •  • |i 
1 I   I   I   I 

!   C  O C •-< »< •- 
j   OOOOOO 

1OOOOOO 
OOOOOO 

a o o 00 o 0 
OOOOOO 
OOOOOO 
0 o o en r» ^ 
** m 9 o «4 m 
* r- « i-i "^ -< 

112 



AriPL-ni-65-57 

o 
o 

o 
o 
o 
o 
o 
3 

I 
3 

Ci      - 5    < 
♦ 
o 
o 
2 
o 
o 
o 
o> 

k 

O 
o 

c 
c 
c 
c 
c 
f 
II 

* ! 

s s 
o <> 

S I 
o 
o 

• 
o 
o 
o 
o 
o 
o 

Ui 

o >o 
1 o » 
§ • 
^ JO o O 

§ 
o o r»- J\ 
■ (> 

1 • 
M 
-* « 

! 

o 

8 
o 
o 
o 
o 
o 
rg 

o 
30 
(V 

? s 
«A 

o 
o 
» 
o 
o 
o 
o 
o 
o 
«0 

• 

o 
o 
Ü 
o 
o 
o 

a     o 

o 
<o 

o 

t 

, u 

o 

>0 

o> 
o 

(M 

• 
I 

fM 
CO 

•o 
o 

■-) 
<o 

If« 

I 
*-» 

O 
I 

o 

I 

< 
X 

-I 
< 

t 
^ <*\ fn ^ 
ooo 

o oo o 
o o » -» 
<o o ^ ■# 
lA  4) M INJ  I 
oo if« ff> r* 
IA «< ^ O i 
* 00 1^ M i 
<0 9> N •» i 
•   •   •   • 

i 
O O I 

rg    »   •   »   • 
0 OO O 

< M f» * »H ( 
Z O «t N I 
o <*> •* r- IM 
— «A oo IM oo ■» 
t/) ir M c r*- «A 

«M N «M «^ i 
»M «M M IM i 
•   •   •   • 

1 I    I    I 

<r» >» •* * 
o o o o 

•*  •»  ^  <«» !•> 
a o o o o 

o o o oo 
>/>(?> IT» X> d 
o o >r» •-< vO 
CO N ** ift r* 
a ♦ » iMM 
-^ C • !*• « 
o o O« 0« ^ 
rg (M «H -i >^ 
• •   •   t   • 
• I    I I   I 

o o o o o 

0000000000600000^)0 0 00 
QOOOOOOOOQ 
- ~ ~ - - " - tri^«h-0<1il^'wCDif\ 

zo>oooOoooooöoo 
►-^•^-«-ifMOOaOOO^ 

r» 0> in «o rv mo«(hOi<-< 

op 
• » 
OO 
IM 4> 
m o 
«<# 
oo tr 
m (M 
o ^ 

O i 

•» .» r> in 
oo o p 

o o o o o o> » 

O ornocoJSfn-ioooo 
— •-«aeoOiA-tf'ifMSfM 

^(rt(M>r)>ori>iMif>mo 

i/>   •   •  •   •   k 

O CM 1^ ^* t 
O c c o < 

en <^ i^ <n f^ i 
o o o o c 

«M «M O ^ «♦« 
in >o f- r- » 
CM ^  -^   J> >0 •   •   •   •   • 
Mill 

1*^   CN l*>   C«  1^  i 
o c o o o 
»   »   •   »   • 

•H l»>  0>   (^ 
> 9» O •« 
S 9>  tH M 
• •   •   • 
I I I I 

i CM *H CM en 
oo o o 
»  »   •  • 

^1 fM 
0 o 
1 I •   » 

(M «A 
o> » 
IM ■» 
tt\ rg 

or- 
« c« 

• r 

CM CM 

?f 
oo O 

I* ^ 
cr» «« 

•   • 

CM P I 
O o 
I 

CM Ci 
00 UI 
<o o 
«*> f I 
to ui 
«n ui 
• 
I 

• ♦ ♦ ♦ ♦ ^' 
O O O O O (I 
• k   •   »   '. 

9> 9> O 0« 9> 3 I 
«   co » oo t» ao 31 
j ;♦#■♦♦ #u' 
^ I   tH «^ V4 a-l t-t r I 
. i   3D JO OO CO «O J I 
ll I   <-■  r4 ^4 i-« i^ > I 

♦ « ♦ ♦ "»■!' 

en c« m o CM r i 
O O O O Op 

co <0 co >■< in 
i -^ (?>•-< x> <x> ci 
►f  00 (M O -4 -< <) 

<o co o O in et 
4    » CO  CM f~   O 0 I 
X •- & >» —' >o c > 
vS en <o en »H <o in 
• ■ rg >H I-I «4 0« ^ 
U)    •    •    •    •    • 

«n CM CM CM CM r I 
O O O O OO 

o o o o a 
O O O O O i 

OO O o 
oo o o 
oo o o 

a ooooPooooo 
oooopooooo 

«1 o o o o P 
X o 
O o»'«in<n(M<n^40>r>pcoOinini^ooo>4' 
•-.0^)r-rg^r--<->.^^f^cMO'-«incnin'M*«nin 

O ^f^ •♦ ♦ 
.MrMCMni-4p^ifitncor"« 

I I I 

OCOCOpOCOOOi 
oO'Hino9'0«pooo>coM^-4-*ppoo<o 

«/)00incocMingoo>00(i>v«cno>in< 
p^»H.-irgcMCMCMinin 

ok <« in co »H co 
, r^ (M .t CO -^ 

•t oo a> -< ^ -^ 
.£ r» CM m »^ in 
(i + ch •■*•-> —* 
«f in 4 m r^ <o 

ccccooooccc c c oooooooc 
ooccocooopcocoooooooo 

o c c o o o o o o o o c 
oocooooooooc 
oocooooocooc 
ccoooooooocc 
oooooooooooo 
C-*CCMv0O^00CM<0C-» 
vC>c«or-f^ooeooDO'0^00 
ifiiriririf>inifiinj>ir>o>o 

oooooooco 
ooooooooo 
ooooooeuo 
ooooooooo 
ooooooooo 
CD(M>0O*l»CM<0C 
0>-«»*CMCMiM)n«n* 
^6 ^9 ^0 ^B N0 ^ ^0 *0 ^D 

«I 

c 
Ml 

_   .      _ e« 
i/? -» <n oo in o «n 

1    -^ 00   4-   CM  r-« 
I    •   •   •   •   • 

I I I  I I 

c o c -^ »< —< 
O O O O O c 

O C O O OO 
O O O O O O 

a o c o c a o 
O O O O OO 
O O O O O o 
o o o <o o <* 
•t Q CM O ru m 
<0 ^ 0^ »< «-i »^ 

113 



AFRPL-TR-65-57 

o 
o 
• 
o 
o 
o 
8 o 
O      4 
«•>      mi 
4 

I 

P    Q 

o 
o 
§ a 
o 
il>     c 
«       IM 

«V      «I 

o     4 
O      P 

§ 
• o ? I 

111     • 
«n 
< M .-I 

o 

o 
o 

° I 

J| 

s $ 

«n 
>» 
o 
oo 
rg • 

rg 

O 

rg 
oo 

I 
*i 

u 

o 
• I o 

o> • 
-< <o 
•* <o 
r- > 0> 
r» I o 
— ; in 
«M r~ 
• ; N ! —< 

rg • 
•N I 
U rg 

o <o 
. o 

<o .   * 
f\ rg 
O »^ 
<o <o 

o in <n ^ 
<o o 

<M rg -vi rg 
O O O O 
I <    I    I » •   »   • 

QC    IM r-l   O   O 
o r^ r»- in 

D  if> ^-. rr, o 
•* <\o> -O 
«M ^ liN rg 
(*l OO ^ O 
O O — (M 
♦ -» * ^ •   • 
I 

il> (^ (/\ g> ^ 
0OOO9 

OOO 
rg rg ■» 
(O ^ r^ 
s #-• in 
•- c « 
r*- <o >o 
000 
rg rg rsj r\( ry 

■NJ •M rg fM 
O 
t f O 

1 
O 

• » • » 
OOO O 
.>J 0 -j- r^ 
J> j> -» ^ 

-^ 
m | 

a> -» O J» 

in in 
91 o 
.» in 

in n m in 
0000 

* • ^ 
OOO 
(Tl   ■-<   -0 

<ft CD n 
•^ o> • 
co in c^ 
r\i rg rg 
OOO 
"w rg rg 

ij> » » 

I   I   I   •   I   I   I I    I    I    I   I   )   I    I r •* r r r 

IN 
O 
I 

■o 
in 
o> 
<o 
m 
rg 
-0 • 

I 

Irt 

OCOCOOOOOOQCOOO o ö o 
-» ^ in 
OOO 

< 
2. 
o 

OOO 
OOO 
«« in ^) 
•"■  C6 O 
•# <o a> 
« o> c 
»V    -.    ^ 

in >o <o 

o o 

r^ oo 
O »H 

g> -o 
O 4) 

OOOO 
OOOO 
<o ;> r- .» 
sj      ^»      -<      (\J 
'M rvj rg r-n 
.* .n -o r^ 
O <M j j; 
t^ 1^ f^ ^ 

OOOOOO 
O O C O O c 
i~* sp ^H in o in 
00 « •» ^ O O 

in r\.' i^ in 
o> c o -< 
CM in r^ ^ 
3.' j   a   1 

I    I    I     I    I I     I     I     I I    I    I    I     I 

OOO 
060 
* 9 ■* 
<Q j) m 

O J\ O 
rj I\I (Ti 

•-< ft» in 
<j- y* & 

r 

OOO 
o o •» 
c^ rg o 
(^ O* •** 
■» r* •» 
*t\ 1*^ i»4 

I^OO 
>> o- —< 

I I I I 

•Mr-4f\.'rgAj^M^rgrNrsirs,ri(ri(*>(Ti:*itf*i^<»"ifr(f> 

COCOOOCCOCCCCCOOOOOOO 
• I 

OC  O c o c o 
00000 

< o c o o c 
JL O C O O O 
O C O O m <t 
»4   O •" • —» iTi -AJ 

m c & >o -t <*• 
i^i r~ •-< rg <♦> 

oooocc^ccoooeooo 
0000 cicoooooi? 0000 
ooooocc ccooöocoo 
OOOOOCinOC^CgChji.-gajiOÖ« 
:> -o -" i\, xv (T 1 o u. r~ o i ii> in io 1»^ 
•-<Oi)in-t>C"-"'-«rgfr>in^3}On4in 
rg-^ooOCC^rxin-JiniCiA^O 
4^sO^->x)(yi'—-^<-i'-i^^»*i'-H'^r-i<\j 

I  I I   I   I   I   I   I   I   I  I  I  I   I I  I  I 

U       CD       < 

OOCOOOOOOOitCOCOOOOOOO 

OCOOOOOOOCCCOCOOOOOOO 
OCOOOOOOOOCCOOOOOOOOO 

a: oocoeoooooccoooopoooo 
omomomoinOincmoinoinoinoino 
Oi-<«*>.»«f-o>orgmin<o«o>»-«rgi»inr-«o 
ininininininin^^iOiO^OiOiO^"^^^^^® 

O 1^ |*\ (^ |f\ 
OOOOOO 

u <-• (M •-< <t rg • 1 
;: in a> in r- * m 

nj (M W IM «M ' ' 
in ♦ in »^ ^ -^' 
in -» rg eo in ' ■ 
i<> iO 91 (>i ^ a 1 
(M <C -N r» >» 
r** <o <o il^ n u 1 

i^i d »ri <M rg 
0 c 000 o 

O* f"- IM OO ^ 
in (Ti a> * m r ■ 
O  •-•  t^ •H O 
« O »< "< ^ <' 
^ in ^ f~ r«- 
in es -H ^> w c 1 
o < ©•-• ^ 
rg — « ^) rg r ■ •   •   •   •   • 
i    I    I    I   I 

1 
o c c .09 

o c o o o . 
o c o o o o 
ocoooo 
o c o o o o 
OOOOOO 
00 iO ■* IM O V 
•-• IM i»» * in in 

114 



APRPL-TR-65-57 

o 
o 

o 
o 
o 
o 
o 
o 
<o 
■-4 

I 
«n 

Z 

O 
O 

I! 
> o 
o 
o 

C 
c 

o 
o 
o 
o 
o 
o 
o 

o 
I » 
o 
o 
o 
o 
o 
«M 
d 
■» 

• 
I 
IM 
< 
< 

»M 
O 
I 

O 
o 

o 
o 
o 
o 
o 
o 
»n 

Z 

O 
o 
o o 
8 S 
« o 
« o 
« o 
• in 
l <■« 

tu 

o  o 

o 
o 
o 
o 
o 
o 

o 
o 
o 
o 
o 
o 

o 
o 
o 
o 
o 
o 

m o  (M 
»«  N   »4 

eg Cli 
O 

o 
X 

0*0 
O " o 

oo c r- o 
o in o 

• o co o 
O o i h- tn 
7 m <o ^ 

* tu -< 
UJ  • ■ • 
M 
<  •—• »-^ •-« 
U  U_ O tK 

O 
o 
o 
o 
o 
o 

o 
ex. 

OJ 
o 
I * 
o 
o 
o 
o 
o 
o 
o 

»M 
o 

o 
o 
o 
o 
o 
o 
o 

I 
< 
»- 
UJ 
X 
►- 
o 

PU 
o 
I » 
o 
o 
o 
o 
o 
o 
o 
•i 

o 

o 
o 
o 
o 
o 
o 
o 
OJ 

in 
■t •o 
o 
00 
P«J 

OJ 
OJ 

OJ 

o 

o 
• o 

l«< 
Oi • 
-I « 
■» <o 
I» o 
I* o 
r* in 
nj r- 
• «M 

OI • 
— I 
U OJ 

is 

o o o 
< & r- <* 
I OJ o o 
O j) -o «n 
~. oj ^ oi 
>/) m OJ oi 

9* gi pi 

ininini^ininintAin 
ooooooooo ininininifitinininintn 

OOOOOOOOOOO 

o o o o o 
I >0 9> OJ OJ > 

oi r-      „ 
^4 o o i> 91 .b 
O O ^ 35  00   <D 

' oi ^ o ^ 
(n x ^t (r 

o o o o o 
oj ^ ^ -< ^ 
t - o o o >0 
rg  ^ CO ^O »O 
in o 4) oj 9 
33 D r- r>- o 
30   0D  00 JO CO 

I     I 1(111 

ocoooooooooocoo 

I   I   I 

►- • ••«»•••••k«»». • 
bJ ooooooooooooooo 
I ooooooooo oooooo *- inoj^<o>n^x)GO^^coin-4r«-^ 

r-oi — ir-*ooi>--'"*t~-^r-xio 
< —««OOOBin^iior^crcBOOO 
X in-<^.tfOin-i^oif*-oir»-ojr-.-< 
O ojg)o><pp-o«»^'^ 4reo»<inx>oj 
• n 

111)11111 I I  I I I 

I 
in 
CO 
in 

^ !■*    OJ 
c c c 

• •   • 
a c o o o o o 
< c o o a. o o o 
»3 C O e» 
>-• o oi <o 
»/) c .» >n 

(»■ h- « 

OJ OJ OJ oi oi oj 
C C O ü Ü O 

OOOOOO 
OOOOOO 
C O O OC O 
O C O OC o 
^) P* ^ 1^ ^ %o 
tn oi <o s <o oj 
^ » * in r~ o 
oj (^   :  in ^) oo 

t 

>   •   k   •   k 
) o o o o o 

O f- 30 -o -< 
^ in ■* M 4) 
<c o f» r»- •-• 
O r«' (n 9> i0 
<o in in <t ^ 
Q0 CO CO SO flO 

I  I I  I  I 

.»•».».» in 
o o o o o 

o o o o o 
o o o p w 
f» >0 "^ l*< ^ 
eo oj i»> o «♦< 
in f** f*- 9 -o 
O ■» co oi oi 
o oi in » o 
CO ^ CJ^  s^ f-* 

I t i  I  I 

OOOOOOOOO 

OOOOOOOOO 
OOOOOOOOO 
fcCOOOOOOC 
oooi^<or>-4)^(^ao 
-* 'i ^ ^ o m o o ^ 
■•■ oir»«*\or*in«»><«» 
oojt^inr-Aooj.* 
■-lf-la-t><4p-4>MOJOJOJ 

1*1 ff 
O C 

c o 
o o o o 
^  OJ 
o in 
«n «n 
<o oo 
OJ OJ 

?OI OI  OJ 

??? 
• • V  • 

d 

O oi in _ 
-« OJ ^ -H 
I»-  OJ OJ   ^ 
in <o in «^ 
-to-«» 
co oi A ^ 
-«-o p «# 
in in vO >o 

r.'T 

» r | 
>  • 

9 
V 1^ 
.1 O 

r* <> 

I 

■4 4 ■* it •« 
o o o <» o 5 

^4 o> M O* 
OJ   r-l  OJ « 
o oo o o o o o 
9' O* & O- 

tl 

i/i r^ r» r» r» r • r- 
o o c?» o c > o» 

^  1*1 (*1   CI 
o o o o 

•- a> oj o 
•t OJ OJ  ^ 
o> o in >o 
to "— id in 
oi OJ •-• «o 
-• wt o« -t 
o O * ^4 
^4   OI   »    » 

oi 
CO 

o 

o 

OJ 

f 
I     < I 

1*1 C«> (*>  CM C J OJ 
OOOOOO 

•  • •   •  L  » 

11)11 111111(1 

o IO 

o 

OI •-• C*\  CO •*<  -t 
oj a> c*> oo »^ <t 
•-4 h- OI  80  •« ■♦ 
in o ■' • c*> <o -»• 
m o c »MI 
c*i in o in 
» o * if» 
oi oi M oo cf« CM 
• •■••• 
I I   I   I 

•O - 
CI        OJ 
o      — 

o in 

o 

—       ( 
—i      —t 

< 
or 
»-     a 
i/> 

x 
< 

OCCCOCCQO CCCCOO OOOOOO 

ccoccoccoocooooccococ 
coooccooot^c-ccoocooooo 
coccooooocccccoooococ 
Cinoinoincmoincinoxicjicincino 
oi^inr-ooiüii"-^ ojinr-ocMor-oojin^-o ^ininin<o^>>o>of~^-^^"ODao<x)303ioic^c*'3 

c o o o c o 

OOOOOO 
OOOOOO 

o: o o o o o o 
oooooo 
O O .3  O O O 
-• co >o >» oj o 
oj oj <*i -t in o 

115 



APRPL-TR-65-57 

o 
o 

o 
o 
o 
o 
o 
o 

o 
o 

o 
o 
o 
o 
o 
o 
o 
• 

z 

o 
o 

o 
o 
o 
o 
o 
o 
o 
m 
• 

o 
I 

o 
o 
o 
o 
o 

I 
rg 
< < 

o 
I 

o 
c 

o 
o 
o 
o 
o 
o 
If» 
in 
• 

I 

I 

o 
o ' o 
S IS 
«     o 

o 
o 
m 

o     o 

o 
o 
o 
o 
o 
o 
«r 

CM 

o 
o 
o 
o 
o 
o 

o 
o 
c 
o 
o 
1^ 

O     I    fM 

o 

o 
o» o 

o 
o 

*i 0 
O   O 
M m 

■>♦ 

oo 

<» 
IM 

u u   o 

o 

o 
o 
o 
o 
o 
t*l 

fM 
o 
I 

o 
o 
c 
o 
c 
o 
o 
• 
I 

M 
\3 

rg 
o 
I 
» 
c 
c 
o 
o 
o 
c 
<o 
-* 
• 
I < 

z 

p o « 

in 9> 

C4 OJ 

o 
I 

IN 
o 

o 
a   * 
3 r- 
■ I rf\ 

0 c 
1 I 

x) o 
o o 
—• <M 

in -« 

•   • 

irt tn 
o o 

•   ► 
o o 
« «n 
o « 
■Tk (M 

eg rO pg 
o o o 
III 

.A -»   0 
eo ct> CM 
•o o o 
^ W (M 
00 ^ <^ 
<0 (M 9 
<x> o -< 
(N m («\ 

T 
<t\ its <r\ .So 
o 6 o 
r- J« o 
rg »n O 
is o> -i 
rg M ^4 

I 
oj >J ."g rg rypg 
0 o 

1 I 

-• * 
rg \t\ 
in ^• 
CO o 
O 4) 
(»> 3« 
r» * 
m «^ 
•   t 
I  I 

o o 

o o 
I*» t*> 

o o 

o opo 

•4'- 
-< .^ OO 

» •* yfi-t 
~* N' CVf* 
■A O •*" 
^} aO ^ *"* 
^ (^ fft •♦ 
• • J» • 

1 
o ooo 
» • ► • 
o ooo 
<-> pg ^>l9, 

>r\ >n H-o 
co pg «f"- 
<0 0> *•♦ 
» r-- r- -O 
>o >o ^ o 

pg IN (M M 
0 o o o 

1 I  I   I • *•   •   » 
pg o o o 
r* O» O x> 
(*N O* (^ in 
o> o a> -» 
■-• «o o« m 
p» (N p» (•% 
pg ^ »n r^ 
^ •» ^ ^ • •   •   • 
I I  I  I 

«n in iA in 
o o o o 

o o o o 
0> r^ pg o 
•n •-< oo ^ 
P» o •* -^ 
P- -<   ^   CO 
in in ^ (^ 
16 *0 *£ 'O 

N <\ <M 
' o cj o 

I  •  I 
o 
( 

ooo 
O O  CO 
sO in xi 

i >n -« ^ 
i o« m <t 
i PO w> * 
i O »« i^ 
' in in in •   •   • 

in in in 
ooo 

ooo 
o « in 
CO fp« 00 

' o o r» 
<o o ■» 
rg pg -^ 
>0 s^ %0 

r I pg rg pg nj r>i 
<? O O O O O 

i T i  i i 
• •  *  » • 

O» (•> (*1 (<\ ^^ 
^ »^ ■«• 0> » 
rg (\i 0 -f -< 
4> « « » r- 

■i' N # "^ l*> fM 
<> O ^6« « 
• > • rti I»» -» j\ 
«> <n ifl 4 rv r>> 

• •  • « • 
• I   I   I I 

«t ■» -» * ^ 
p o o o o o 

pg 

< 
z 
o 
— r 

I   I   I  I  I 1   1   1   1   1     1   r   1   1   1   1   1   1   1 

^. rg 
o o 

I 
• I   • 

o o 
o o 
c c 
o o 
o . c 
<n o 

s * 

oc ■ o 

rg ««> ^ 
OOO 

OOO 
OOO 
c o »^ 
O O IN 
<0 fr\ I* 
l«> P- ♦ 
P^ * IN 
♦ <o -< 

<t -t -t 
OOO 

. L . 
000 
opo 
1*1 * * 

O CO P- 
m pg «O 
I« CV O 
«•to 
— IN <•» 

O O 

O O 
O O 
in s 
r- a 
v0 IN 

in -^ 

0 o 

o o 
o o 
sO -I 
pg o> 
in «PI 
1*» o 

•* >n 

00 c 
L. . 

OO o 
OO o 

epg c> 
coo P> 
^1^ co 

* ^ ^ 
000 

* •   • 
000 
000 
m 00 o 
M O» f» 
pg IN o 
j- a> -» 
in o « 
r~ ao 30 

■* its fi 
000 

Oooo 
O O ao O 
-f o o o 
IN t»- IN >0 
4 ■* yO » 
« IN IN P- 

1^ O O 
(7>  ■-< »H 

1 O O o o o 
p- 1^ ^ t~ p» 
f^ Ift (n f^  ft\ 

m in in in in 
o- O' o^ ^ D» 

«/)   (Jv  (^ (|v o^ ^  ^ 
!•• p- p-1~ r^ 
IM IVJ IN IN IN • • • •   • 

■» * •* 1« m 
o o O C O 

in 4 O <t « 
> 0> IN -H en 
so it 00 i0 ^O 
O O m (N p» 
^ ^4 in ^0 co 
•» r- o 0> ^H 
-> o o * o 
^H fH )-4 ^   9l 

I   I  I  I  •   I   I  I  I     I  I  I  I I 

00 — 
ceo 

« IN Pg 
OOO 

I 

IN IM 
O O 

IN IM lill^ I»* 
O O OO C 

CO C^ f^ 
OOO 

1   1   1 

(*\  1*^   (^ 
OOO 

OOOOOOOOOOO 
OOOOOOOOOOO 
OOOCOOOOOOO 
OOOOOOOOOOO 

iaocooo«ooff>p»-<oo 
•iooor-i^OpgmiPipgao 

oo«^inoo<o<n>oo>^o< 
^iX>rriinoo>MrgrPi4iOoo 
•   •••••••••• 

III I    I    I    I    I 

i   . 
rj IM 

3 «    < 

1 2 

>o OOOO OOOO 
)0 OOOO OOOO 
>o O C OO 
>IM <0 CO 00 m 
jin ^ o fp« 1« 
>o> ^« in o P> 
*~t 4 *o & —< 
I rH  >^   f-l ^4 pg 
• ••••• 

I  I  I  I I 

f* fl> tn 
000 

m gj oo 
o & -t 
in (\j in 
•4 <o o 
IM 1^ in 
p- 91 r> 
<* «o 
IM iH »H 

IM lO 
O O 

I » • 
9> •» 
IM ^ 
•0 0) 

♦ -« 
r~ •» 

ooccopooooopocooo 
I   .   _ [ - •     - - 

o o 
* • 

o o 

lilt 

M   n  r* r- i-l   ** 

c c o o o 

»*     I 

CD 

o occopoooocoocooo 000 o 
ooooopooooooooooo OOOO 

aooccoooococooocoo 0000 
,oocoooooooocooooooooo 

o^«iMiOo*«iM<oo-»coiM<oo-»a>iM<oo 
inirm<o«t^r«r^coa>o>o>o>oop4»H r-i pg IN n 
^rH^Hfx^HM^^«^^^. MII pg pg IN IN Pg pg IM pg 

! 
o cc o o o 
C O OO o o 
O O c o o o 
000000 
000000 
m ^H o* ^" in w 
IN w i« ■♦ in * 

! 
< 

116 



AFRPL-TR-65-57 

§ i 
o 
o 
o 
o 
o 
o 
«0 

z 

o 
o 

o 
c 
o 
o 
o 
o 
o 

eg 
D 
z 

o 
o 

o 
o 
o 
o 
o 
o 
o 

• 

o 
I 
» 
o 
c 
o 
o 
o 
IM 

I 
<M < < 

o 
I 

o 
o 
o 
o 
o 

o 
o 

3 
z 

I      ^ 

c 
o 
o 
o 

• i  o 
O       CO 
o oo 
o -• 
o • 
o 
O   .   O 

• 
I «M 

3 O 
Z I 

o 
r» o 
o     o 

o 
• o 
o o 
o o 
o r^ 
o       • 
O I 
O       isl 

< 

•o 
o 

O I o 
o o 
o o 
o o 
o o 
o o 
4fl O 
•I '  M 
• I    • 

•c 
o 

o 
o 
o 
o 
o 
o 
o 
rg 

^ * 
u 

rg 
o 

I 
O       •   I • 
-«    o   , •* 

O     I fH 
O   1 f^ 
o  , in 

•      O    I CO 
O     O   ■ t- 
z    mj« 

< «M 
UJ         • • 
«A 
<•■*>* 
KJ      Ui O 

'    <M 
UJ    I    O 

'   I # 
i-      o 
o o o 
• o 
o o o    c 
o <0 
o * 
o        • 
CD I 

•        UJ 
X 

o     »- 

IN. 

t; 
o  , 

• 
I a i 

iM 

o 
00 
IM 

IM 
IM 

o 

fM 
00 
o 

—* 

o 

• o 

r- o> 
r- O 
— «n 
*M ^' 
• IM 

IM 

IM 
CD 

o 
o 
o 
o 
o 
If« 

c     <0 
o 

» 

«»»       IM 
o     — 

o 
l»> 

IT 

o 

I 

o 

aS 
fM 
o 

CO 
lf\ 

• 
I 

< 

10 

•M <M <M K( 
o o o p 
i i  i T • •  • V 

X -H -M 

« (M (M Xi 
D -H •t (»N f~ 

(M <r\ :o o 
IM ao ^ -« 
S (* 9> .A 
O -H — IM 
•* -t .* 4 
I  I 

I 

lt\ >f\ lt\ 
o o o 

• • p 
OOP 
X3   CO  ® 
O <£> * 
•H >n Q« 

I/)   «H   rH   •-< •*■ 

>fv il> in 
o o o 
% to • 
o o o 
0»  O IM 
^ «o in 
f^ CO !•> 
a- >o -» 
o o o 

IM fM rM fM 
0 o o o 
1 I  I  I * •   *   » 
o o o o 
in »> o ^ 
o in 9> oo 
* (M r». IM 
f\ & -f O 
«^ 30 •* O 
O O -< IN 
m in in in 
• •  •  • 
III! 

UN in in in IA 
o o o o o 

o o 
■» i^ 
t«- Pi» 
«O >» 
-. 0> 
O <h 

o 
A 0 

Ö CM 
o <o 

oooooooooo 
(MniMt-in^ ao -^ "N o 
^)i«>l»\O*»O'-<>0lf<i'> 
M^iOr^-MOh-ifi-^ro 
(M a r- in <n O 0 >0 ■» <M 
^K CO O  CD 00 18  ^^ P"  ^* ^^ 

IMIMIM(V(MIMfMIMi-<>t«'4<M)-ii-«f-i>U^4r4>4f-lf-) 
IMIMIMIMIMIMIMIMfM'>l'MfMIMIMIMl|y|fM«MIMfMfM 

I     I     I     |     I     I     I     I     I    |     I     I    I    I     I    i    I     I    I     I     I 
: 

•»<».»■».»■».*■».».».».».*.».»-r .»■».»■»in 
ooooocooooooooocooooo 

o o c 
o o o 
o o o 
o o c 
o o> r^ 
in o> i»i 
co in ^ 
^ »^ IM 

o c o 
o o o 
ceo 
coo 
c is o 
C CD O 
l«l rt ^H 
m ^ in 

c o 
o o 
o o 
o o 
r- o 
«« o 
o o 

o o 
o o 
C O 
o o 
in in 

o o o 
oca 
coo 
oo «O r- 
IM CO <0 
O O ^ 
O »H M 

O C O O O 
o o o o o 
c c o o o 
fSJ 0s CT* f> ^ 
h- ^ ^ IM •-• 
IM i» in r^ ^ 
m * in >o r» 

o o 
O O 
o o 

■*> oo 
•-• «*> 
o o 
-< fM 

I     •     I    I    I 

I 
ocooccoocoooccooocooo 

occcccooooococcoooooo 
ococccoooocooocooccoo 

a ocooccoooooooccccccoo 
Oinoircinoiroinoincifioinoinoifio 
Ot-«i"^iOt»-o»oiMi»>ir><oa)^<-iiM^inr--i»o 
ininininininin«io«««iCiD^,^.fte^^*^>o 

IM IM fM fN I 
O O O Ol 
I  I I  I 
■I   » •   • 

^i ^ IO fw 
tH in ^ n 4* o 
(B IM O fM CO 00 
IM in in «^ IA o 
Or' r- iMfu o 
o ^ ID ^ A (^ 
IM oo in IM » « 
in in v0 f^ ff oo 
• •••■• 

! • i • r i 
c^ 1»^ (^ •*> t 
o o o o« o 
»   »   • •  k   » 

PM ^-4  ^H iH (P f« 
9) OO CO CD tv co 
\Q ^Q  ^ ^ ^ ^3 
O* O^ CT^ C^ CJ* C* 
rg f\j pg rg Oj rg 
^9 ^9 4) ^9 'v ^ 
^-1   r-l   #«. ^4 X   «-4 
r«. h» r^ r^ ri N 

i   i   I   i   i   i   i   i  i   i   i   i   a   i 

1^ l*\ 1*^ W <l» Cl 
o o o oo o 

< i 
(Do« co in f>j 
^ m ^ «IM N 
■* -9 O -fn* ~* 
<r\ r*~  O I*» CO O 
« m IM * •»< o 
CD •-• IM in K in 
« o in ^ c0 iO 
* ^ m ronj IM 
•   •   t • •  • 

It l»> IM IM IM 4 
o o o o c o 

T i 
• •••»• 

vn o -" » (M r- 
OD r^. co •? *to rr* 

<   IM f\l   4   —• O1  O 
Z i« r» « i»". o> r> 
O co CM o> ••» I*- I»* 
~   It « ^   «ri< o 
(/) o «•> r* oiM r- 

(M — 00  »n (M (t 
• •••■• 
i i i i r» 

—   i   - 

KJ      (D      < 

O O C  OO C 

»   • •   •  ^ • 
o c c cc o 
O O O O O O 

QC   O C C  C C C 
O C O CO c 
O O o oc O 
<t f\j >0  C -* 00 
r-< f" ^  4) r» CO 

' 

117 



AraPL-ll-65-57 

o 
• o 

• 
o 

' 

o 
* 
o 
o 
o 

o o 
o o 
o ' o 
o ■ o rgfxjrgdrg-Mrgrgrg.-gMtMrgrgrgrijrgf^rgrgN rg rg og rg ru pg o (V ooooooooooooooooooooo o o O O (> o 
«0 • 1 1  1 .ILlllllllllLlllLI 1  1   1   1      1 
0* 1 •  •   • •  •   »   •    >  • • •t Of O-Hf^f^-J'-^rri^ve-O Org^  OJOOOOOO K > 4- O JO ( > ^ 

1   1 •» iA3><^<'if>f»iO<033-*'N<<T>>0-S,coQ) — fO>00?> O «*> P* iT» .' rg 
1«» u 3 ^r»-.'NfV0>>j-<r-oO'--''V-<i^'\i-**'NOn 3 ^ if) rn >0 t ' <0 
D i««»^r'Coa>9^>!M'rOcn^^rg(io-Hin^> ^ ^ CO 0^ ^ ■ >0 

1 z 
•4 r« 9> rg ^ o« ( . ^ 

i« O r* r- f   r^ o o (V o« <o m <: r» : o >^ <*><»><^(*>om(n^^4'^^^^^wj'4-»niAin iT if» -O r» c p » 
; 0 o * » •  •   • • •••••b..... •   •   •   •   >   • 

1 o « 1   1   1 ' * r * r r 1  1  1 1  1      1  1 1 1 1 III'        1 • • O o ^4 

o o o o rf» i 

o o o * 1 lAininifM^iniriAinktmtntniAiniAirininiAin * <* <* 4 <    4 o 
o 
o 

o • o 
o t 

CO 

OOOOOOOOOOOOOOOOOOOOO o o o o <p o 
o o * M >.».•».* 1 . ,.,, N • •  •  •    >  » 

o »V o ** N ooooooooooooooooooooo tf\ rt t** 1^ O 1^ 
o m o t • < ^ (^ fO Ifs   <^. 1 » fO 
0> >» o i ^«>ooft-if>»H^-<^<iift««o*^ff-*«>jiaao^ JJ <C <0 <£ <0 < 1 <0 • • o O f\< r4OO>Mfn<O0>-#O>inrgOO><oeoo>M^r-^<« o ff\ tf\ t9) cn c * c*> 

1 1 •r or N •4 aOi*>Xirf\oc<^r-»,^X>-«t^'MOO^O'^'TiO>*rg M« (S CO CO CC dC » 
rg «M f\ w «A ■t<#(nifr\irx^«^oOOO>e>(Doo«r-r«-<94><o 

t-iM^ritMi-il-i»-i«Ml-ifi4>-iOOOOC>COOOO 
I/) f^ 1^ fO  <^ 1 » fO 

■   3 < • iM •-«  #-•   »-.   , *  rH f < 
i o 

1 o 
rgrvrgrgrgrgrgrgrgrdrgrgrgrgrgrirgrgrgrgrg 

r 111* r •* 111   i * r % r' r r r r r 
C <M ft 

O O o • 
I r* o rg *-»*^**^*'»^**^^*>'^*^*X» (*^ (^ O  ••% (f\ f^ 

• • o o ■ ooccoocoooooooc<yccooo o o o c O c 
O o o o < 4 
o o » o 2 H- ►- 
o o o o « Ui OOOOOOOOOOOOOOOOOOOOO UJ ^ 0 rg ^4 d> r- 
c s o c i z OOOOOOOOOOOOOOCOOOOO» 

aos^a<oin>o(M>-*^-a>O'a4f>j>o<^io>-<<O90^>o 
I rg — s0 >r> f\j O 

^ ^ »A ^ (♦» (^ o o h- N ►- 
o ^ o • 0» oor>(^OD«w-*,0'^eD(M-^>tr-rf>a^Or--Hrg-« ^- m O r- ^ o 
o •* o 1 • < ^ ^fMcoi^t^OiOO^moo-^pn ^ rti ry oo ^ » rg 4 .© ^ •*« f>- r~ o 
m f* o N z 0<0(Mr*'<*«io9>f>«fnr>.r>i^o*oo~<inio-« z O ao — C -i - • • tn 0 w o «M>no|>«v<oo>«o^»o<*>^o-*^-i-i^r--<*f*-o (9 il\ Xt » 4 O»»- 

1 •^ — •M fO«^ro^*^if»x«^)^)or-r-r.oo«(»a>i>5'-i <0 IA 4  4  ^ ro 
i •* w* • yi U) 10 •   •   •    •   »   * 
3 < «M r r r r * * r r r * * r r r * r * r * r 
Z < UI o 

ID en <«< rg (it rg i 1 • o 
occooooooooccccoooooo r- <o •4 o -o OO C O O C 

o o o o • o 1               .                             T                              i 
o •o •   ••»••»»•^•»•••••»••* »  •   »   *   »  • 

pH  0^    JQ   (TV   ^   ^H » • * o » » r> i     at cooooooooooooocoooooo ac 
o o o o M « 0 ooooooooooooooooooooo -< o> 4 m >M ^ 
c c o c # * J < cooocooooocococccoooo <   «>J C C   »O -■ rH 
o o o 9 r» o X OOOOOOOOOO<0OOt«.j.lft^)Or>-<»i« z «f« 4 4 « ^ 
o o o « r- o c )     o 000<v^il>^(*>rgOa>^g,ir,jg3r>--*eor-(nin O <r> >» rg r» oo r-i 
o o o • M m 1» •-• 0-<>»rgr^00f-'^rgif«0«r'-»^4rg0aa'(> •^ & r~ o O *0 — 
o o c 1 N r* 3 <A Oinin4m«in<«o>Ajorgi^in<ooorgi^^^ tfl f^ oo rg O O ^ 
lf% o H < • rg f>j^«rgm^if>NOr>.(h^i«^-<-.-<rgrgrgrgrg rg ^ x « CMM 
f« N m* *- P4 r»   •   ••••• 
• • • u «VJ • o * * r * i* * i r i* * * r r r 1 1 1 1 t 1   1   1    1 

X IN 1 c 
M N o »- u rg 4 
U O ■ o rr 

1 
r- r^ t-4 IV c « i 

o c o 
• • 

» 
<0 

o 
*•*     • oocooccoooooocccooooc oc o c o o 
^    o * c o (« rg 2 

o s o 
c 

o 
c 

c 
<0 <0 4 occcoocooooococoooooo 

•    *    •     •     ^    • 
o c c o c o 

o IT c o h- ^< a ooooooooooooooooooooo 
oooccooooccocccccoooo 

o C O C C O 
•    o 00 o o o ir t- at a oc c c c o 

g s f^ <r o «« ^ * » omciroinoirtomo^otnotftomoirto o c o c o o 
# m* « « o oi^rf>f^OMnr-3i>iio»^oiv«f>r-o«M»r>h-o o o o o o o 

« N r* ■♦ • Pi 
• 

1 
4 

M 
4 

i iOirir^<o<o<o<fi'-^'r-r-<osaDso>o>0>o>o 
—j    ^^     -^    ___     _j    _-    _j    _,*    —j     -.^    _,—     —j    _J     —^     —a    a^    _-     _J    -Hd    M«    J\J 

O 4 CD o< « O 
(M ««> 4 «o r» 0> 

«A 
• • 

1 
a 
o 

M ■ 
•-»■-4<~»»-i«-<«»4»-«r-t«-4^-»^^f-"^1^^^^*^^^^^«-*^^r>J 

a ■ 

111 



AFBPL-T»-65-57 

o 
o 

o 
o 
o 
o 
o 
o 
■c 

I 

o 
o 

o 
o 
o 
o 
o 
o 
o 

• 

D 
z 

o 
o 

o 
o 
o 
o 
o 
o 
o 

•o 
o 

o 
o 
o 
o 
o 
o 
o 

• 

■» 
<»■ 

o 
I 

o 
o 
o 
o 
o 
»M 

I   • 

rg 

rg 
O 

I * 
o !i 
o 
o 

i <* 

o     o 

o <o 
o o »-4 

o o IT 
o ♦ 

• o « 
o «*> o 
o a> « 
o -< fM 
o • • 
o 
o o (SJ 
ifv a eg 
«♦» U 
• 

N 
o o « 
z 1 O 

c r 
r- c rg 
c o « 

o O » o <o 
o o * 
s ^ s 
o • » 
o 1 • 
o IM 
lf> o IK 

X 

rg rg i>g 
0 o o 
1 I  I • •   • 
4) oi r^ 

(M >   -O 
<o rx if« 
O f* «^ 
* 9> if« 
«n * 4) op o> •-• 
(M (M oi IM rg m 
•   ••••• 
111(11 

5 0> IK o> <ö o _ _ M 
A m -t m rvj 

o o o o 
rg IM rg ry 

oo 

O 
0< 
o 
m 
o 
rg 
•   • 

o o 

o o 

§8 
rg O 
iTi O 
rg I« 
O 0» 
■G CD 
•   • 

(> o 
» •» o 
O <£ rg 

il\ \t\ ITI U\ X\ 
o o o o o 

o o o o o 
^« l/N IK •« i> 
rg O rg ^ ^ 
o -» o oo o> 
j- ir> r^ x o 
^ o 0> « t> 
0 o o^ o o^ 
rg rg ^ -H -H 
•   •   •   •   • 

1 I   I    I   I 

o o o o o 
J- rg >0 rg Is- » 
^ «O 0> 4 > «Ti 
IM r- * ■* "^ o> 
IK ^ eo -< -» r- 
r»- O «ft in 4 <K 

if> ^ in ir> ir> 
o o o o o 

k   •   •   •   « » 
o o o o o o 
IM ir> 4 <0 3> ^ 
lil ID * 9> ■** 4 
ift rg rg IK t» IM 
4i in ©- i«i r«- rg 
<K rg ^-i --' O O 
^   Q>   O*   ^  0^ ^ 

•     •     •     •     • 
I      I      I      I      I I      I      I      I      I 

(h o> c» o 
< J\ rf» (^ »A i- 
X «K IK IK !K IK IK 
O -t   ■*  ■*   4  ■»   4 
— <  4 •»  * } ■» 
«rt (i> o> * o* o* o* 

<o >o <o <c <£ <<) 
**4   i-H  ^4   -^ "M ^4 

•    •••!•• 

O 
o 
o 
o 
o 
o 
lf> 

o 
o 
o 
o 
o 
o 
o 

fH     rg 

rg 
UJ 

rg 

UJ       o 
I 
» 

-< c o o o • o o o o c o « 
O -4 
o       • 
IK | 
eg      < 

• U.' 
z 

o *- oc     o 

^ IM 
o     o 

t 
IM 

UJ 

< 

o * 
o I •■< 
o ' r» 
o m 
O ; «D 
O 1 h- 
* i <o 
♦ M 
• i • 

o 

o 
o 
o 
o 
o 
tn 

o 
o 
c 
o 
o 
o 

•        • 

a     o 

IM 

IN. 

4 

o 
•c 
t- 
o 
IK 

•0 
o 

<0 

c 
in 

o o 
I 

IK 4 
oc 

I 
• » 

O O o c 
o»-« 
•O O 
in <o 
o « 
ao —• 
i/\ «t« 
• • 

o c 
i 

444-»-» 
o c o o o I 4 4 4 4  4 

o o o o o 
4  4  4 
CCO 

O O O 
O C O 
CO IM P- 
4 O -0 
r- in co 
4 IM ^ 
t~ IK 00 
— rg rg 
• • • 
I   I   I 

M rg rg 
O C C 

O O 
o o 
rg 9 
iT «n 
CO 4 
<0 IK 
4 O 
IK 4 •   • 

rg rg 
O O 

» •  • 
O O O 
Q O O 
4 rg O 
0« «0 t^ 
4 in o 
0i in •-• 
^ *N r* 
4 iD >!> * •   • 

i 

• •   • 
O O o 
0 o o 
-4 fH  IK 
rg IM r- 
rg o 4 
«o «-< >n 
IM IS IK 
•O -0 r- • •   • 

1 I   I 

o o o o o o 
in iK 4 
in a- o 
iK r» <h 
IK « 9> 

_  4 O» 4 
iv GO n ^ 
• • • • 
I   l   l   I 

in in 
o o 

• • 
o o 
'-< -0 
3> in 
>0 ** 
IM in 
o in 
o o 

l   I 

1 £ 

rg rg 
O O 

^ IK ^l 
o c c 

I»", f^ IK IK IK IK 
^ o o c o o 

IM 
o 

in 
IK 
in 

M « 

I 
rj 
IT 

O 

rg 

« 

m 
4 
O 

• 
I 

*■• 

ffi 

n 

< 

aooocooooooooooo 
ooooooooooooooo 

< ococccocoooooco 
X 0OO0O000O0O0>-««rg 
O OOOCCtnC4rg.H0>4rgin<0 
M uooOfKrgsr^ ^o4inin>n'öO> 
i/5 oooo>o>4iK4^-<r-in^iKin 

rg^^coiMr-i-«iMiK4>or"<'ii-<f-«i-< 
§•••••••••••••• 

I   t   I   I   I   i   I   I   I   >   I   I 

0 o o o o o 
c o o o o o 
c o o o o o 
c O ^ ^ "^ (^ 
or, ^ ^ o- CT* CK 
4 C « f^ » ^ 
CO •"* IK •£ ^ IK 
-« rg rg rg rg IK 
•   ••••• 
1 I   I   I   I   I 
i 

ooooocco ooooccoccocoo 

IK IK IK IK iti IK 
O o o o O o 

< 
<n 4 IK 4> (0 9* 

I oo r~ O »> •-• <M 
H- o» co «^ co in IM 

IK O * 05 ff- IK 
< r~ in ^ r» >*» IK 
Z 4 <0 4 <0 O IK 
o Co f* S1 CK d1 n 
— r- ^3 in in 4 4 
v/)   •••••• 

I 
I 

IK IK |r  IM IM r 
O O O C C c 

ac ~« o IK in eo a- 
co r- O rg 4 in 

< l^ >0 9 ^ •" rg 
z o r- IM ^) IK o> 
o 4 I-I io m 4 in 
M M IK iK 4 X rg 
vO IK rg 4 IK >© ^ 

IK IM '-4 O IK in 
•   ••••• 
I I I I I i 

■ 

o c c c c c 

K        QC 

X < 

o o 
o o 
o c 
o o 
O 4 
in m 

c c 
o c 
o c 
o c 
00  IM 
in <o 

c o c c c o c c 
•o a 
gj ^■ 

C O 
c c 
c c 
o o 
4 a> 

oocoococcoooo 
oococooccoooo 
cooccccccccoc 
ooooccoccocoo 
rg'004COIM'OC 4IOIM>00 
eo«>^Ov^CO"<'"'-*v|'>,'r' 
^^^ — «iMlMiMfMrg^rgrg 

O O O 
O O C 
O O C 
o c o 
o o o 
IK t- ^- 
rg IK in 

c c c 
CCO 
C c c 
coo 
coo 
m 0* IK 
<o r- o> 

•   • •   •   • •   •   • •   •  •   • 

119 

r, 
■ 



APRPL-TR-65-57 

i o 
o 
• 

1 o 
o 1 o 
o 
o 
o 
<o 
"t 
• 
1 
m 
3 
X 

o 
o 

O r-t 
O o 

1 
• 
o 

• • o o 
Q Q o o 
g § • § 
o Q o o 
o e Qt 
o ex s ^ 

s § • 
• • Q o 

1 (A ae 
«M <M m 
i 5 • 

3 O 
1 

o ru » 
o o o 

1 ^ o 
1 • • o o ! o o o 
' o o • o 1 o o o o 
s s s i 
o f o • 
o <• o 1 
A P4 o *J 
• • 

1 »< 
o 

^ • 
3 
Z 5 w o 

1 • 
r» « o o 
o o o o 

o 
• • • O 
o o o o 
o o o o 
s o o ■* 

o o -» 
o o o • 
o o o 1 

. *\ o » < 
1    -* M o »- 
/     »^ • •      U) 

tu 
1 

: I 

s s 
r- r- O   i   <M 

l 0 o O  1 o 
tt     • • •       • 
^   o 4 O   ;   O 

*4 O    !   O 
O  '. o 

Q m o    o 
•    o • o i e 
s s r«- O  ' o 

« « : * ♦ <M *»    r- 
•rt 
<    -< P4 "    at 
v> Ul O ac o 

r i 

^ 4 
r» o> 
r- 2 
rg i> 
f pg 

•i 
fNi • 
•-* 1 
y 

rom^rgrvjrgrvjfM 
OpOOOOO ?? 

fi 

^2 

IS 

O o 
-« (M 1 

(* 9> 1 
ff» * 
(♦» ff> 1 
» 9 > 

1 O -0 «f* J^ -^ < > ^ .>j XI 

i^9>0«MNtt^ * x» 
i^rw^o^riao^O 

»i oj oj oj eg 
OOOOO 

I 

I   t    I        I   I    I   I    I f   • 
ifi j\ if\ 1 

OOOi 
1 il\ it\ i/\ it* it\ 
OOOOO 00000000000 

i 
000600000 00000 

■0 (V o »> «o t 
■♦ O O <»> •-' <fi f» 
(M J> O1 ■* -^ 
rg ^t « Oj <0 
(M «M o O 0> 

1 •-< •-' «« O 

•    I    • I    I    I    I    I 

ooocooooo 

I   I  I  I  I 

-» * >f ■» ^ 
OOOOO 

X 
o o 
o o 
P o 

•o o 
o> o 

■-•   rsj -< 

f-H   *-4    ^H   (V 

OOOOOOOOOOOOO 
060000000000c 
NOOOCOODCOJ^ v0 •O r^ if» 
Ooj-J-<int^<NJfri(>cg^HP^O 

<0 <M CO ^ 0« 
> o ■» o «^ 

(>J «•> «n f> ■♦ 

«M ff>« w r- rf» «M ' 
pg •♦ >0 -H 00 -< >ö 
•-• ff OJ (V >0 ^< •-< ' 

I I I I I I I I I 

o o 
I 

N «v rg f-i ^ 
o c o c c o o 

O0060C0OOOOO0OO 
OOOOOOOOOOOOOOO 
OOOCOCCOOOOOOOO 
OOOOOOOOOOOOOOO 
ooori'*<oi"Ooooirii>jo>r'> 
o^^rkOOooooo^o^-^o*« 
O«M<-iifi<«><»>i-««T>4)<Vlf\i(\iO0'-' 

o <6 
O 

O IT 
I»» ■♦ 
«       O 

I    I    I    I    I    I 

oocc.ee ceo 
ooocooooo 

0000c 
OOOOO 

000 
« O <» 

£ ro .4 a* 
fO 9* ~t & Ch 
en r>- rg 4 o 
00 (*•»>-« >0 
OOOOO 

111(1 

^ « •» <* « 
OOOOO 

OOOOO 
OOOOO 
-< OJ .» « fl 
00 m o r>- r~- 
^ ® ^ 00 O 
O» ^ 0* <*» 30 
r^ r^ «H <c o 
in t/> ^ *0 h** 

I    I    I    I    I 

OOOOOOOOOO 

$ 
OOOOO 
OOOOO c c o o o o 0 o m 00 
« « ^ o^ 
ao • 0> »H JO 
ll% 9> 4 «^ (M 
<o r«- * »N »< 

l   I   l   I   t 

U) 

.  <0 
o^ w 
mrg o 
M r» w 
<0 <0 >0 ^ ^ ^ ^ 

•« ♦ Cf>  (»» 
«*« o> r» m 

UJ 
z 

* ^«« 
000 

»-   » • » 
O m rg 

< >ft O« pg 
X <v m < 
O 9> OtT 
•-• —4 ^^ <i> 

tfl    •   •   • 

I 
• 0) 

00 

. • « 
CM 
o 
pg 

OOO 

■»cm 
« c j r» 
r^ c» o> 
pg «> iri 

o 
—i<p—i 

i 
tn pg <r> m fO IM 
OOOO^ 

if Pg 0C «-< ir r- 
if> if» O pg <v o 

< «o m (M in ^ o> 
X 'H pg in 0> » pg 
O pg <-• O ^ r>- gj 
"- « 4> eo pg ^ o> 
1/) pg -• pg pg » eg 

>H <o *4 i^ rf ^« 

C C O O O 
c o O O O O 

o o c c c c 
o 00 c c c 

coccooooocccooooo 
occooooooocoooooo 
occoocoooccccoooc 
ococoooooococoooo 
omcmoinoinoironioifioirto 

»«Ai^mr-ooo •or-^cpg^io^oo 
«©««»•-r^h-p-f CD flD 00 B flO 00 ^ 

ifl If» >l> If» 

o c o c c c 
o o o o c o 

a o c c o c c 
o 00 o o c 
000000 
o o o o c o 
9> p» in m t— o> 
■n ^ h- ao <^ (^ •  ••••• 

120 



" 

APBPL-TR-65-57 

o 
0 

• 
0 
0 
0 
0 
0 
0 
«0 
04 
• 
1 
f\ 
D 
Z 

O *-4 
O O | 
• m 
O Q 
O O 
O O 
O O 
O O 
O <M 
O «•> 
• ♦ • • 

1 
CM «M 
3 < 
X < 

O <M 
O O 

1 • • 
O O 
O O 
O O 

s s 
0 •♦ 
0 ♦ 

1 o 

o 
o 
o 
o 
o 
o 
•A 

* • ~ ' o 
o 
o 

' o 
• . o 

g s 
tu       • 
V) 

o 
o 

o 
o 
o 
o 
o 
o 
•r» 

o 
o 
o 
o 
o 

o 

o 
I 

I   I ^ 

o 
c 

o 
o 
o 
o 
o 
o 

SI <* 
o      • 
O I    I 
O   I    M 

o 
o 
o 
o 
o 

o 
o 
o 
o 
o 
o     o 
o      ~ 
«M        * '   •- 
•    1     •       Ui 

. z 
o     «    o 

o 
I 
m 
o 
o 
o 
o 
o 
o 
^ 

I 

§ c 
I 

•»     00 
r4 O        O 
r- o c 
moo 
• 00 
r- o o 
« « <o 
«M     tf>    ^• 
• •        • 

I 
o     oc    o 

ru 
• 

rg 

o 

ry 
ao 
o 

(«1 

o 

fl fit m 
o o o ?? 

*l 

X o o o 
1 «*» o> .0 

3 •♦ «^ pg 
(M « Xt 
«4 « ao 
t* * o> 
<*\ ■* * 

*•* IV <*\ 

ti 

'tr* 

•f» 

•   I 1  M  M 

o 

o 

4« in 
O o 

l> 
o o 

sc 
«A h> 

J? 
op rg 
«n o> 
r* -H A 

000 

O 1^ w 
000 

1 T 1 
CO 
I I 

000 
<* Ifi — 
-< r*. 00 

ff« ■» 
o <« « 
o> <n <o 
in « « 
m <o 

' J 

00 
« * 
IM n 
rsi rg 
o <♦> 
h- r» O 

r«- so (> 

intnininmitinihin «•fr-»«-» 
OOOOOOOOOOJOOO 

o 

o 00 e o 
co «Min o o> 
O m» 9> O 
o K CD « in 
N (^ «« O f- 

^ » r- in 
OOOO 

I   I   I   I 

•* <« 
■» I« 
r» a» 
r«- o 
-< in    ci 
nj ^     s' 
• rg 

«v      •     c> 
« I     r 

o -c 
o 

f 
^ • 
w rg < 
O - 3 
« >0 < 
r- — ec 
o m ►- 
ci * oj 
<o o 
• - J 

• < 
^< -< K 
U IE < 

>* CM rg 0J pg 
OOOOO 
I     I     I     I     I I    I 

£ m 01 0« do (M 
9« ■» r- o -t 
N <n o iT t0 
» O rg »n -* 
^ 4D 30 do 00 
-< (\i m ■» in 

I   I   I   I   I    I   I   I   I 

rg N «M 
o?o 

in M s 
»* m o 
m O O 
o <*» « 
o «o >o 
CO 40 S> 
h- » 0> 

lil rg 

t! 
* » 
o « 
4 in 
« • 
O- 
oj ft 

OOOOO 
-< •» <o o o 
ao «x ^ « ao 

O 4> m <n 
rg «H 9> O o 
f» (M O « » 
O O O £ 

• h rg Ai 

* i ^ 

1(111 

OOOOOOOOOOO 

1111(1 

OOOOOO 

OOOO 
OOOO 
«0 CD -« O 
♦ mi»-* 
«r * or* 
rg rg iri m 
•HI«*«* 
en «v IM h- 
•   t   •  • 

•^ i*« ci f« 
c o o o 

000000600 
000000000 
000000000 
*(>0<^ifif~-<>0^ 
«O^Oi^ivoorsi«^.* 
rg*rg<or<*».oao 
i-irg(*\(*\(fifOrgrgO 

OOOO 
OOOO 
O « rg « 

• r» 0» in r» 
1 Ch <0 r^ M 

CT» f*- <^ o* 
1 O ft m o 
1 ao «M rg co 

•   •   •   • 
III! 

i &i tf\ tr\ fy 
• OOOO 

O 
o 
a« 

CO 
ao 
10 
• 
I 

o o o o 
CO 

1« 

occccccoooccoco 
000000000000000 

I 

OOOOO 
00000 
—< co <o » o 
*0 i0 00 co co 
^ ^ ^« O 10 
-> ■*(* 9* O 
co O r- -» rg 
in ^ g9 h- ao 
• • • • • 
• III! 

rg 1 g rg N »H CM rg 
C O C OO O O 

OOOOO 
OOOOO 
OOOOO 
OOOOO 
«o fsi o <o rg 
* gj -< 10 * 
■* oomr- 
in <o •* rg in 

! 

rg CM rg 
OOO 

c i 

OC •* rg 9» ^- c > 
fco in —I (» 

ao rg in f 4 
4> go «O •< 

in -« <r rg o 
• <t p- o« O 
MIO   #   O 
Hg CM f» <» «  •   •   • 

?' 
* ♦ 10 
OOO 

«g   •  » •   • 
• ^ <o r^ 

< 9 -0 ■* O 
X ON 10»- 
O co (O ci -< 
»• * 10 »0 1-« 
IA 9> <e «> * 

♦ IM O «O 
•M ^4 •»   00 

»*«« 

4- CO 
OO 

fO CO c "> * 
OOOO 

1 öo> 
H-  ^ «H 
♦ * 

< O * 
X co o> 
O r- ffi 
~ « ao 
1/)   •  • 

rg co c^ co 

o in c i •-« 
rg 'H 1; rg 

r- ♦ m 

CM 
o 
1 

rg 
* 
co 
m 
o 
o 
co 
m 

10 
o 

m 
m 
«o c J 

0> 
CO 
CO 
m 

C       J O c 
OOOOO 

c c c c c — 
C O o o c c 

o o c c o o o 
o o o o o c o 

aeoococcc 
0000000 
o in o m o m o 
o CM in r>- o CM g> 
« « <« <o r> r- r>- 
in in in in m m g> 

000000 
000000 
o o o o o c 
o c o o o o 
in o in J g"> o 
h- O rg in »>- o 
r* ao ao ao co o^ 
■n in m in in m 

occcoooo 
occooooo 
ocoooooo 
oocooooo 
inoinoinoino 
mmp'ondnr-o 
VO'lT'OOOO—t 
ininin<o<o<o<o<o 

c c c o c o 
00 c oc o 

a o o c c o c 
o o c o c c 
000000 
OO c c c -< 
IH 0» r- in i»-. c 
<o 10 ^ co o* ^* 

121 



AFIIPL-TR-65-57 

o 
o 

i 
o 
o 
o 
o 
o 1 
• 
I 
m 

Z 

O 
o 

o 
o 
o 
o 
o 
o 
o 

rg 

2 

o 
o 

o 

§ 
3 
i 

o 

o 
o 

i o 
o 

rg 

if»      • 
^     O 

9 o 
•    o 
8 i 
to 

0 
I 
#     I 
o 
o 
O     I 
o 
O     I 
N   I 
m   I 
*    ! 
• 
I 

< : 
< 

o 
I » 
o 
o 
o 

§ 

o 
o 

o 

o 
o 
o 
o 
o 
o 
o 

rg 

O 
o 
o 
o 
o 

O   !   4 
o ! o 
O   I   ~ 

o I 
O {   o 
■n . a 
n 
• I 

i  rg 
D      O 
Z i    I 

O 
o 
o 
o 
O   I    I 
O   I   N 
•A i o 
«^ I 

*!- UJ      o 
I 

c > o 
o  ! o o e o 

o 

< 

o 
o 
c 
o 
o 
o 
<# 

• 

o 
Q: 

o 
c 

« o 
»H O 
r» o 
in o 
oo o 
^ o 
•o « 
rg ir 
• • 

o 

o 

O 
I • 
o 
o 
c 
o 
o 
c 
•o 
f«- 
• 
I 
a 
o 

en 

o 

o 

->       4> 

r*      O 
«H If! 

rg       • 

a 

o I 
« • 
O - 
<C « 
r> ~ 
o iT 
w -• 
<o o 

^ I 

W IB 

r J 
Ci 

ai 
C 

r* 
l> 

QC   O O O 
O O O 

<   O O O 
S O Q M 
—•   O iA r-   (*p <»\ 'fi « ^. iTi ^« n "^  CO <V 00 
i/) O'tf^i0i-i<0O'#M0c>a0>0r~<l><'i 

•   ••■!•••■ 

CCCOOISOOOCJO 

■ f * ■» ^  *  ^  ♦ 

o o c 
o o o 

c c c c o o £> 
c c c o o o «p 

o c o o c 
o o o o c 

f i*\ r\t tr\ 
O o O o 

Ui ^ t-« ^ «et 
I   1*1  0Ü ('J O 
H- rv rg 4) g) 

•H rg 9> oo 
< O ^ ■» -O 
X O <-• 0« -< 
O (V <9 p >0 
-^ •**   t Cr tf> 
lO   •   •   • • 

I • 

o c c o <; 

o o c o o 
O O o Q o 
o c o o o 
OD   *   O -H ^ 
irv o- a. ■» a 
^ -t r» ^) rg 
•« Pg r- >-< iT» 
o m rg IM 'H 

n CD 

rg 
O 

O -< 

c^ «j rg 
O 
I 

QT   ifl   O f rg (ig CT> 
(C  r- O vO fS, •/> 

«t en ^-. fi -t »Vi rv 
X O f^ >-' O» «Ig 0« 
o (> vo -» r^ 
•" oj r- i*> fM 
i/) if» rg rg r- ♦ o» 

f« rg oi M (^ >-i 

a, in 
in rg 

: c C o O O 
o C o o o 

U O C C  t   f- o o o o c o 

a 
I/) 

Jl 

OOOCCCOOQOOOOOCI 
ooooooooupoooco« 

^ o o o o o O o c o C c 
3 O O O O O o o c o c o 

ooococc ooooooooc 
OOOOOCOOOOOOOOOI 

^ c c o o o Cfc o o o o c c 
D O O O O O o o c o o c 

o9oeoQaaoeöQOoo< ̂  n a o o a O f) 4> <J c o 
O<*corg«c<«corg«o«eorg«d 3 ^ » rg « O o o o o c ■» 
<o<o<or>-r-xea)0>9<ooO'i^i g m nj I*I w >» 4 rg C « « (J 
tf\inininir^inininin<o<o<o<o«<o<O4><o<0<o « r- a. öL a ^ 

122 



APRPL-TR-65-57 

P«J 

o 
o o 
o o 

o 
• o 
o 0« o rx 
o ^H 

o • 
o o o 
in a «n • 

o 

3 
Z 

o 
o 
o 
o 
o 
o 
■A 

rg 
O 
I 

O 
o 
o 
o 
o 
o 
•» 

I 

»N* 

r*       O 
o 
o 
o 

•    o 
o   o 
z    in 

Ui        • 

eg 
Ui  | O 

O  I o 
o , c 

> o 
• o 
o o 
o o 
O 4 
o  , * 
o • 
O I 
9* < 
in i- 
• Ui 

z 
o »- 

■t 

o 

V 

•0 
o 
» 

ao 
o 
•o 
•3 

o 

o » 
(»1 

h-       C 
-«     in 

t        IM 

<*1   C^   (^  (^1   f^  C^J 
O O O p o 

i T i I   I 

o o o o o 
(^ •-< •» r». > 

\  4/ J>   *0 rr\  C) 
O (O fl -O f- 
rsj ao ^ n -> 
<> O rg o n 
"l O ■i r^   X) 
f*- <D a) ^» i> 

.^ 

I  »  I 

in >n -n 
o o o 

I i I I i 

in in in in in 
. o o o o o 

si • 
o 

< in 

3 r^ 
— o> 
i/) o 

rg "Nj rg rg 
0 o o o 
1 I I I •>   • • * 

J\ *• O (r, 
r>j »H in in 
rg r- O pg 
-* m rg ff> 
r«  B O ^> 
O fl rg ou 
r*4 *^ rg (Sj 

rg (M rg -L ^i 
o o o 6 o 
i   I   i T  I » » * »  » 

^H   («^   -O   ^    •-< 
^-< t*- o "^ o 

.., —i «J in r«g  ij 

4^  #-<   *^  I-* »M   ^H 
f i r^ f\ o n —< 

^ in in <> r» 

i   i   I   i   I 

. \ in I*» iA tt* in 
o o o o o 

I   I   I   I   I 

. in in in in in 
■ o o o O o 

COÖOOOOU 
inAjiNinao^in-o 
»••*infMin.»a>a> 

O'Nji^ingjujO'M 
O^dor-oinin-» 

o o c o o o o o 
•O -0 •>• 9> 

«rgJriiNjisj^)« * 
»-*  rg   If   (t)  f^  O f*-    O 
■O O  «Ntncrg»!)© 
O a> v> r- ^ ■O >0 

<'>l*>Pg(SllMfMIN<M'Ni|gPg«<grgfg<-«ti<-i^if-<<M<-« 

I       I       I 

o o o o 

I  I  I  I  I 

^ * » 
o c c. 

I  I   I   I   I 

O O (Ü o ü o o a 

i   I   I   I    i 

o o o o o 

UI o o o o 
1 o o o o 
>- oo ti-\ a- « 

rg j) gj  ^ 
< (D sO r- ^< 
2 rg t^  -t  >c 
|J iO »4   <£   M 
►^ ^ ^   l*\   1^ 
lA • •     •     • 

o o o o o 6 o o oopooooo 
oopooooo 
r-r^«)i>-ina>'OfM 

-^ofc'-tofMOin 
^>fMlt   c^i GO m (t>  fNJ 

r--oj-otf>f'c^r-iinoif9>frioo'Mf^ 
f-^*-4r^isirH<o-M«^^rg^j 

ocoooöooc 
0>IM«^OOC>00-> 

pg 1^ >o tf in ao (si 
r~<ocorgca(>>inino 
r-O* — •i'on-cj'OCz 

rg IM 

•-•IMIMINirglMINjIM 
OOOOOCOOO 

IM rg 

I   I    I    I    I 

rg fg Pg Pg rg 
O O C O C 

I    I    I    I    I 

rg m rg -< <-< 
C O O O O 

rg rg (M 

t?t 
in in 

,T)  u <7- 

*< iA rg 
P-   CD  O 
^< rg i»> 

I    I 

1«^ I*I 

O O 

(M ij rg 
oo o 

rg .< ir> 
■o r-i a> 
lA   r I   I», 
lA O 00 
>0 I > o 
lA I- ^ 

^ l^ O 

n (a ri  | 
o o o ( 

IM   » » 
-J -O PJ O i*> 

< r- fh N p- io 
l rg « O ao 
O   O OD 00  O 
—*   ® IM 1*^ P* 
i/) in «-< in a 

N m •-< IM 
i-4 00 in rg 

^ ^ (pi m 
O O O O 

(K   «O 

oo 

pg i 

o 

Pg fP* PH -tf  -^       "^ 

IM IM O 1^ i> 0> 
O O P- O fM «0 
P- O  -O  ■*) (M iA 
O O O Pg to gs 
>0 pg -< O <» 0> 
00 <0 OD rg ir. 9 
^) t^ in ^ »^ in 
rg r-4 ^H in f*4 *^ 

in 
oo 
f~ 
<o 
pg 
• 

O 

o 
o 

o 
o 
o 
o 
o 
o 
<o 
m 
• 

IM 
O 
I * 

O 
o 
o 
o 
o 
O   I 

IM • 
~        I 
U       IM 

a 

o >c 
o 

» 
IP» «M 
O >" 
<0 •€ 

o m 
i*> * 
<o o 
• ^> 

•: t 

ce oooocoooooooooocooooo 
oooonoooooooooopooooo 

< ocooocc-copcoooritcoooo 
z coooocooooooooooooooo 
O   O rg IA in C   4  t^   ^rr^^OOviM^«*—-Pg-JCC 
» or>oop>coooi^inin«o« «<o»-p-infM<o>^ 
I/)  O'^rM'-iOOinOI'^iOI^^'OltOin^Pg^inoOO 

pg«pgipin<ininini*%iAininin-!r^p'>pg'^*iO 

I 

10 
'   I   " 

••*  l*>  |P1  !•> In  fP^ 
o o c o <p o 

a a r^ co p- X oo 
« r- o io >M oo 

< .M oo io •- r- oo 
Z ao <f IM m o oo 

a   CD i^ 00 O ff> « 
•*-■ —i rsj 
tO   O  »A 

gj or> no 
— * 0 

•O o f" ""> <*< <D 

o c c c c o o 
o o o o c c 

C c- o o o o 
o o o o o 

O O  C  ••< •« <-' 
o o o o<) c 

■ 

I 1 M I - 
m     t*     M 
U      (C       < 

o o o c c 
c o o o o 
o o o o c 
o o o o o 
o in u in o 
O ^ IP) « <o 
<o -n <o <o <o 
in ii \ in in in 

c c c o o o o 
o o o o o o o 
o o c c CJ c o 
o o o o o o o 
in ti in o in .j in 
^ a c rg i^ IA o 
«c <o P- ^ <*■ P- P- 
lAtAlAlAiAlAlAlA 

ccccocooo o o o o o c 
ooocooooo o o o c c o 
OCCCO&OOO a c o c o o c 
ooocooooo o o c o c o 
.< inoinoinoino o o o o o o 
ODCP—iPg-*iAl^-00O o o c - m a 
p^^-ooflocoaoaos)^ ^ |pi r- O «M pg 
lAiAiAinininvninin lA P-   00  r-l-.  — 

123 



AF1PL-TR-65-57 

o 
1 

o 
o 
o 
o 
o 
o 

I 

3 

O 
o 

o 
o 
o 
o 
o 
o 
o 

i 

rg 
3 

O 
O 

O 
O 
O 

8 
o 
o 

O 
o 
o 
o 
o 
o 
'•■I 

*M 

o 
o 
o 
o 
o 
o 
If» 
•♦ • 

o 
I 
• 
o 
o 
o 
o 
o 
fM 

o 
o 

o 
o 
o 
o 
o 
o 

I   I * 
<      • 
< 

z 

o 

• o 
o 
o • 
o o 

§ § 
•r     o 
■»     o 

o 
m 

UJ 

o 
o 
o 
o 
o 

* 

o 

o 
I 
• 
o 
o 
o 
o 
o 
o 
.» 
♦ 
• 
I 

rg 
O 
I 

< 

o o 
o o 
o o 
c o 
o o 
o o 
o ~« 

• • 
rg o 

o 
o 

o 
c 

I   o 
I o o , o 

■» 
•» • 
I 
< 

u 
z 

rg 
O 
I 

■too 
-> o     o 
r- o      c 
<ts O  i   o 
ao O   I   O 
r> o     o 
<a <o     « 
«\J IT       N 

** -a o ce.    \a 

V 

■1 

I 
CO 
rg 
» 

ry 

O 

rg 

3 

I 

o 
» o 

«ri 
o> • 

-» <0 
f^ o 

• (M 

- I 
u »,- 

o      « 
c 

O     « 

o <r> 
«*» ^ 
<o     o 

► • ♦> 
3> q> « rf 
i> rv <7> m 

-I < 
X 

o o o 6 c 
o o o o c 
o o o c o 
o o o c o 
o iri o IT o 
o rg in r» o 
«O «0 «O <C K 
in gi if> IT tf' 

(; o c c O o 
o o c o o o 

OOOCd. ooooo 
oooocooooo 
oooccoocoo 
oococcocoo 
iooif>oiriOti>oi/>o 

M    ►   •   f • 

< IT\ ^ •« m 
X iT « 4 o o -* -" -• 
— JT an » « 
i/l >v f\i O •-' 

# O O (NJ 
•H fH f* ^ 

r- <> 
«o 

* (»> ru «n 
O O O O 

< 

x o o> f^ <« 
»-   rH   « r^    « 

i|> rg rg ao 

r- <S 
< J. ~o -t 
X & r^ is 
O <ri 03 O» g> 
— (M o rf\  >o 

I 

ff> <** <*N   ^ 
COCO 

a o f- -H * 
♦ o ^< <-• 

< o <o in ci 
1  en -. o a> 
C3 rg t> in <o 
"-• •-« (V * fvj 
l/> «»> »H fx rg 

M ^ ^ rr> 

I 

o 

30 
in 

,r -. 
o 
m 

rg 
O 
I 

fM 
a> 
m 
rg 
O« 
in 
rg 
IM 

COO  .-•>-■>-< 
O O O c C o 

o o o c o o 
o c o c o o 
o o o o o o 
c o o c o c 
< I o o o u o 
O O O ir h- ^g 
M m a> u •-• m 
O f>  CO r*  »-■ »-I 

124 



AFRPL-TR 65-57 

§  I 
o 
o 
o 
o 
o 
o 
o 

I 

3 

o 
o 

o 
o 
o 
o 
o 
o 
o 
• 

*4    I 
O 
I 

' 

o 
o 

o 
o e o 

• I o 
i 0    * 

O     *< 
O   I     • 

I   O   i 
O   !    O 

O        IM 
o     o 

3 
Z 

C 
I 

o o 
o o 
o o 

8 S 
o ■* 
o « 

I 

< 
< 

o 
r-      o 

o 
o 

•        o 
o     o 
o   '   * 
2 i *. O   i     • 
o  ;   I 
o      «g 

Ul  i   o 
I 

o 

o o 
o o 
o o 
o I o 
o , o 
o . o 
ID i   O 
•-• «M 
• • 

r«J 

o 
o 

o 
o 
o 
o 
o 
o 
^ 

o 
(X 

o 
O   i 
o 
o 
o 
o 

I 
< 

CO • 
— o 

o 
o 

O      rg 
o     o 

I 

# o o 
— oo 
I» 6 6 

O       if» o o 
•     O       00 o o 

O    o     r- o o 
z    tr   i « <o <o 

^      rg ^ r- 
U      •       • • • 
to            i I 
<    «4 , P4 — a 
u    tu    o oc o 

o 

o 
o 

Q 

■ 
I 

t- 
o 

« 

■» 
«o 
o 
(0 

■ 

(V 
rg 
U 

o 

IB 
o 

4 
o 
a. 

• 

o 

♦ o 

0>        • 

« <o 
f» «> 
r^     o 
•-•     «n ae 
rg     h- ift 
• N in 

r»       • ft\ 
~       I eo 
W      M <* 

C » 
I 

o     <o 
c 

I«         C\J * 
o       -« »■ 
*            vO < 
h-              « QC 

O         IT H- 
««         < I/) 

• < 

mt       t* H 
o     or < 

c^ lt^ f^ 

0 o o 
1 I  I 

* 

4 
o o o 
s r>> in 
>o J> -H 
r~ (Sj »H 

•» «» m 
r» ii< o 
in to o 
o r- >o 

( > oo iSi (> •« (M r g 

iA   J>  »A 
O O O 

^ 

o o o 
« «^ <a 
•* <y & 
■too 
o <x> t- 
■* or* 

ill 

iO  lA iA 
O Ü   _> 

I 
<^ ^f 4 en i*^ 
0 o o o o 
1 I I I I 

§§8 o 
rg il 

A 

A f- 
•C ifi 
rg ^ 

o o o 
'Or- o 
* -« o> 
w ♦ o 
r» oj ^ 

O O O r- CT> 

4 A ro iA -» 
m it 0> N a> 
o « m « « 
J> A O» IM -*■ 

A o A <o m a> 
!■> 

i% 

•  I   • 

lA lA lA «A 
O  O O O 

I     I     P     I     I     I 

X\  lA lA lA  «^ 
o o o o o 

o o o o o 
lA <0 O ^ O 
-« « f- A A 
O 40 CO O It 
(7 -H A '- 
f-i 0-   ^J •»   ^ 
^   »4   ^^  IM   ^N 

i»  r 

I I I I I 

itiA«.9.jr.9«.»«meri,} 
^OOOOOOOOOOC 

< 
X 
o 

o o 
« o 
r- * 
eo O- 

It a 

o o o 
-H   »>  It 

-^ ♦ r» 

lA <« « 
it N O 

o oo 
oca 
i-l It IM 

^   ^4 f>4 
fSI It A 
IA rg (h 
a x <o 

it n IM rg rg 
0 o o o o 
1 I  I  I  I 

IM IM IM rij rg 
O O O 6 O 
i  i   i T i 

■t O O rg r . > 
r~   ^  ^4  >M f-« • 4 

( S #-< (M It 
. ■« ^ it ^ 
( ^ f* ^ lA ■ 
• *9> O •* 
< 9 «O ^ *0 i 

■ It ( 
■ > ^ QO  O ' 

*« *« (M I 

M IT i 

* ♦ • # 
o o o 

o o o o o 
-r» * .o IA O 
o *< ■♦ ft ^- 
-< <o o « ■» 
it IM it ♦ r» 
h> IA It M <o 
o o o o o> 
-.    -.   ^.    -H   O 

I   I   I   I   I I I I I I I 

r ^ * ^ -t ^ 
o o o o o o 

9 0 

6 o 
It »M  i/> IT* »A 
rH ^4   O   •   00 
^4 M  0>   #   4) 

♦ IM 
it 

^4 ft 
o o 
I 

o o 
O O i 
o o 
O « i 
o r» i 
o o I 
O ~4 
rg ^4 

O O 

O 6 O 
O O o 
o o c 
o> <o 4 
i-i O tA 
on« 
-4   0«^ 
IM IM It 

ft ^> It 
ceo 

o oo 
o oo 
coo 
C (0 » 
rvi o- <-i 
*  -40 
■» OiA 
« A lA 

[ 

O O O O 
O O O o 
rg O O NO 
P~ rg 00 CO 
iA r- O rg 
O O CO it 
O •-• 4> lA 
rg oo «t -4 

I I    I 

It , 
o 6 o 
» U » 
o O o 
O O O 
coo 
eo IM -^ 
>-■ IM 4> 
O >   3 
ao -< 4 
A «   O 

ft It ft 
O C C 

O O O 
O O O 
O O O 
rf> rg •* 
* « r- 
«t eo «A 
A lA  *A 
A >0 •£ 

It i r\ 

O 

O 
O 
c 
O 
It )f\ 
lA 

OOOOOCCOCOOOOOO 
OOOOCCOOOOOOOOO 

O o o o 
o o o o 
■A go 4> 
It lA O 
op« 
•t *> -t •* 
« ♦ «t IM 
O 0* ^ (^ 

ig 

Ig <»> 

o o o o o 
o o o o o 
IA rg •t f^ IM 
-^ O IM O 0» 
r~- ao IA o o> 
F-4   O    ^   It   i-4 
O 9> O "< ti 

^ <o r- s 

<vi rg rg rg 
p O O O 
Till 

f J 

rg 0> 
O it O 

< .f 

3  *> h- #4 lA 
IM 0 lA 9« 
lA IM « <0 
A A C it 
It * ^ lA 
IM It « lA 

rg 
o 
I 

It 
rg 
rg 
O- 
•O 
lA 

T ^ <t it «t> 
o O o 

"M 
O 'S O lA 

<  (A ^4 « lA 
S 44 r> M r> 
O  « <0 IM IM 
— f^ 00 ■O -» 
v/) iSl * *M ^ 

<0 IM ft <0 
»4  —•   0>   >0 

r- o 

♦ it ft it 
o o o o 

It 
o 

o 
«»• 
o 
<o 
<o 
rg 

«r IM 

o 

O f>  O f" 

I  I I  I  I  I 

It It 
o o 

t f- 

o o o o 
C o 

lA 
<o o 
eg O 
or- 
•O lA 

It it It 
O O C 

O O O 
o 5 o 
o o o 
•O A  O 
IA r- r- 
IM t» « 
it (© it 
ir> * 4 

c c o o o c o o o o 

I it f» ^ «t ,h 
►- »> ^ it iA i 

do -i ^ -- •*• -Tl 
< <0 ^4 9> ^ T' CO 
X O >A 4 t*- c • 3 
O • 0> ♦ ^ i>^ 
— ■MiArgeo*4<-4 
vrt 

I  I 

if> o fn en 
o o c c 

r- «o o 

at »*• o> Ai r- 
r- o> AJ 

< ■» »A 
x « It »4 iA 
V9 <0 It « O 
•4   4)   O   ft  r4 
i/) It <o o ^c 

« lA lA It 
•   •   •   • 

c c o •-<•■< •-• o o o cc c 

oooooocoooo 
ooooooooooo 

oc ooooooooooo 
oooooocoooo 
ooooooooooo 
O'««0(M<CO«CIM«O 
«««or-r-aoooeDO^o 
^IAAIAAAAAIAA^O 

oooopooooo ooc 
ooocpooooo ooo 
ooocpcoooo a o o o 
ooooccoooo ooo 
oooooooooo, ooo 
«OOlMiOO^lOfMiOO OOO 
OOi-ii-i|MAllM«tlt*: 4 00 rvj 
4)»O«0«OiOiC*O*O*0»0 *0 f^  C1 

I 

pg 
O 
I 

IM 

IM 

o< 
IM 

O IM ft 

125 



APRPL-TR-65-57 

o 
o 

o 
o 
o I 
o 
o 

0> I   • 
o 
o 
o 
o 
o 
o 
m 

< 
Ui 

? g 

t 
— « l        t 
•      M 

- | 
■ 

g (Vj -^ 
O O O 
I I I •   •   • 

N.  Ö <»> 
o> « a 
o « -■ 
» ~ ■» 

N l»> <«> 
O « IM 
-H »H f\J 
(•^   if\   ^ 

'4 

I       I       I 

I       •       I 

o p o 
• T " 

rvj og  rsj rvj   fg 
0 o o 

1 I 
b 

O iM X> <t>  ^ 
M (M o 9> ,/> 
»N< 9* »< f- ff1 

r» ^- s f^ -e 
IIS 0\ (^ i^ i^ 
^ O >0 M  » 
^ 41   ■* J\ ^ 
ffs &\ rt (t> <A 

I    I     i    I    I 

ooooooooooo 

o o oo 
i/\ 9> oo f» 4> 
<o 9> <A r» o 
O 0> ^ 9- O 
■* O r- « ru 
o« O* n D A 
o o oo o 

I  I  I I 

oooooocoo 

UI ooooooooo 
X ooooooooo 

OOt-*iOrgO>^f- 
<     'HOOHJ-Ol^OOr-. 

i^   •••■••••• 
I   I    I    |    I    I    III 

^•■-■rg<Mrvj<Vif\jrMryi 
ooopuocoo 
I 

O p c o o 
o o o o o 
c o c o o 
c o o o o 
•O O f' f^ o 
m » in « 4> 

O N O Ä (M 
(M if> •-•■*< rvi 

_ o «M »> r» ■# 
CM Cl *   ■*  ^ -O 

I  I 

O IT 

O 

x 
1 

I   I   I   I   I       I    I   I   I   I   I 

OOOÖOOOOOOO OOOOOUOOpO 

OQCCOOO OOOO 
OOOCOOOOOOO 
OOOOOOO OOOO 
o ir c in o ir> o «tOino 

o>i<n'f«r>-»o<Mirtif> «so>iHN4<or-ttO 

126 



1'.
.1

 
.....

. 

C
A

SE
 

N
O

. 
2

0
 

E
l 

•
•
 ~
o
o
o
o
o
o
,
 

G
l 

.2
6

7
8

5
7

1
4

• 

R
I 

o
ll

5
0

0
0

0
0

o
 

01
 

e
l5

0
0

0
0

0
0

o 
0

7
 

N
U

l 
o3

0
0

0
0

0
0

0
t 

O
C 

~
U
2 

.9
0

0
0

0
0

0
0

t 
0

0
 

N
J3

-e
l6

0
0

0
0

0
0

t 
0

0
. 

--
--

-
--

--
· 
~
-
-
-

--
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

.
2

0
0

0
0

0
0

0
• 

O
&

 
A

A
1

-e
l4

4
00

0
0

0
o

-0
2

 
A
A
2
-
.
4
~
2
0
0
0
0
0
o
-
O
l
 

R
O

 
o

l2
0

0
0

0
0

0
o

 
0

1 
E

 
o
l5

0
0

0
00

0
o 

0
7 

N
U

 
.3

5
0

0
0

0
0

0
<

 
0

0 

G
R

-.
7

6
0

0
0

0
0

0
o

-0
2

 
G

T
H

E
T

A
-o

4
4

0
0

0
0

0
0

o
-0

2
 

G
Z

-
.4

4
0

0
0

0
0

0
o

-0
2

 
R

G
 

o
lb

O
O

O
O

O
O

o 
0

1
 

C
l1

 
.
6
~
0
7
6
0
3
6

• 
0

7
 

C
l2

 
.

2
1

7
7

4
1
9

3
, 

0
7

 
C

l3
 

.
9
5
0
~
5
0
8
2
,
 

0
6

 
C

22
 

.2
8

0
6

4
51

6
• 

0
7

 
~
4
4
~

2
0
0
0
0
0
0
0
•
 

0
6

 

8
1

-.
1

0
4

5
1

6
1

2
• 

0
6 

B
Z
-
.1

2
7

5
0

9
6

6
• 

0
6

 

~·
A
X
 J.

:O
L 

-S
T

R
A

J...
N-

-
-

..
 3

8
1

9
2

2
0

Q
..

-{
} 

__
_ ._. 
--

--
--

--
--

--
--

--
-
---

-
-
--

:::
--

-
-
-
-
-

R
 

S
l
G
~

lA
 

R
 

~:
 

S
I
G~

IA
 

T
H

E
T

A
 

S
IG

M
A

 
l 

-
-

-
-
U

-R
 -
·
-

11
50

C
O

O
O

o 
0

1 
~ 

.2
o

o
o

o
o

o
o

e
-0

1 
-
.

9
5

4
2

8
0

0
0

• 
0

3
 

-
·

1
C

5
5

J8
0

0
• 

os
 

-.
2

3
3

1
4
0

9
3

•-
0

2
 

.
1

:5
2

5
0

0
0

• 
0

1
-

-
--

.
24

!i
O

O
O

O
O

, 
01

 
-

.
l

3
4

5
2

B
O

O
t 

0
4

 
-

.
lc

-.
9

3
4

d
0

t 
0:

> 
-.

-l
4

3
3

!>
T
2

th
-0

4
! 

o
ll

5
5

0
0

0
0

t 
0

1
 

~ 
-.

5
8

0
0

0
0

0
0

t 
0

1 
-
.

1
7

3
4

6
2

0
0

t 
0

4
 

-
.
}
C
4
~
4
1
8
0

t 
0

5 
-
.

2
5

3
5

5
7

7
3

.-
0

2 
·

1
1

5
7

5
0

0
0

o 
0

1
-
-
-
-

-
.

9-
96

00
0

0
0

 • 
0

1
-
-'

-
, 

2
1

2
2 

3
0

0
0

 • 
C'

1 •
 

-
. 

l:C
3 
:
b
d
~
O
r
 Q
-!

'.
..

--
-
.

-2
6
3
7
4
~
-
6
2
-

.
1
1
6
~
0
0
0
0

• 
0

1 
~ 

-.
1

4
9

4
0

0
0

0
. 

0?
 

-
.
l
5
0
8
3
~
Q
J

, 
C

4 
-

.1
C

1
1&

6
0

a
. 

0
5

 
-
.

2
7

3
9

1
1

4
3

•-
0

2
 

.
1

1
6

2
5

0
0

0
• 

O
l 

-
.

2
0

71
0

0
0

0
• 

0
2

 
-
.
2
8
9
?
7
~
0
0

, 
C

4 
-
.
!
0
2
~
2
2
S
~
o
 

0
5

 
-
.

2
8

4
0

6
4

7
8

o
-0

2 
o
l1

6
5

0
0

0
0

o 
C

J 
-

.2
7

2
8

0
0

0
C

• 
J
2

 
-

.
3

2
7

5
4

6
 

O
t 

0
~
 

-
.

ln
2

0
6

9
6

0
t 
0
~
 

-
.2

9
4

2
0

2
8

3
o

-0
2

 
.l

l6
7

5
o

o
o

. 
0

1 
-

.
3

4
6

4
C

l"
0

0
t 

c
i 

-
.

36
'>

o
e
?
ro

, 
o

. 
-

·
'
C
l
~
t
o
l
O

· 
o

:,
 

-
.

3
0

4
3

2
5

6
e
,-

o
z 

c
l

l7
C

O
O

O
O

o 
0

1 
-

,
4
2
8
0
~
0
U
C
•
 

t?
 

-
.

4C
3

6
2

4
10

, 
~
4
 

-
.
J
~
c
o
9
2
1
0

t 
0

5 
-
.

3
1

4
4

3
3

7
3

o
-0

2
 

.
1

1
7

2
5

0
C

O
r 

C
J
:-

-
-
-

-
.
5
1
7
0
0
0
{
X
h
-
t
~
2
-
-
.
4
4
l

-4
2
2
C
O

, 
""

04
-

-
.-

1"
C

%
7

5
0r

0
7

-
-
-
-
-
.
-
3
-
?
-
4
"
7
r
~
r
-
O
r
-

•l
l7

5
0

0
0

0
o 

0
1

 
-

-
.6

1
3

9
0

0
0

0
o

 
C

. 
-

.
4

7
9

0
6

6
0

0
• 

L
~
 

-
.
~
9
9
~
4
4
~
0

. 
0
~
 

-
.
3
3
4
6
J
4
~
3
•
-
0
2
 

.
1

1
7

7
5

0
0

0
• 

01
 

~ 
-

.
71

b
3

0
0

0
0

t 
0

2
 

-
.

5
1

6
5

5
3

0
0

t 
0

4 
-
.
~
9
~
~
o
~
0
0
o
 

0
4 

-
.

3
4

4
b

6
b

3
c
o

-O
£ 

o l
1

8
0

0
0

0
0

o 
01

 
-
.

tl
3

0
2

0
0

v
0

• 
0

2
 

-
.

55
38

P
S

O
O

o 
0

4
 

-
.

9
C

9
4

9
9

0
0

o 
0

4 
-

.
3

5
4

7
1

7
/3

e-
O

 
·
1
1
8
2
5
0
0
0

~ 
0

1 
-

.9
4

9
5

0
0

0
0

• 
0

2
 

-
.
~
9
1
0
7
0
0
0

, 
C

4 
-

.9
ij

u
o

2
3

0
0

• 
0

4
 

-.
3

6
4

7
5

2
7

Y
,-

o
z-

.1
t8

5
0

0
0

0
• 

0
1 

-
.

1
0

7
6

0
0

0
0

. 
0

1
 

-
.c

2
8

1
0

0
0

0
. 

0
4 

-
.9

7
9

8
3

8
0

0
. 

0
4 

-
.

3
7

4
7

73
6

4
•-

0
2 

-.
 1

1
8

7
so

o
o 

,-
o 

1 
-

.
1

2
1

 o
oo

o-
o-

.-
0

3
-

-
. 6

64
9-

8-
ze

o 
,-

o
u

--
-
;

v
7
5

i 
t.

-r
oo

-,
--

oq
o 

• 
3
8
4

'1
-
e
v
~
 

o
l
l9

0
0

0
0

0
o 

0
1 

• 
-
.

1
3

5
1

0
0

0
0

. 
c
~
 

-
.7

0
1

7
1

50
0

· 
0

4
 

-
.
9
7
0
~
3
3
0
0

t 
0

4
 

-
.

3
9

4
7

7
4
0

0
•-

0
2 

.
1
1
9
2
5
0
0
0

~ 
0

1
 

-
.

1
4

9
9

0
0

0
0

t 
0

3 
-
.

7
3

8
3

0
0

0
0

· 
0

4
 

-
.

9
6

6
0

1
3

0
0

• 
0

4
 

-
.

4
0

4
7

5
3

6
0

.-
0

2 
o

l
l9

5
0

0
0

0
t 

01
 

(•
 

-
o

16
5

4
20

0
0

o 
C

1 
-

.7
7

4
7

4
0

0
C

o 
0

4
 

-
.
9
6
1
5
7
9
~
0

• 
0
~ 

-.
4

1
4

71
9

7
0

o
-0

2 
·

1
1

9
7

5
0

0
0

· 
0

1 
-
.

1
8

16
2

0
0

0
· 

c:
; 

-
·

b
l1

0
3

40
0

. 
0

4
 

-
.

9
5

7
2

3
0

0
0

.-
0

4
 -

-.
4

2
lt

6
7

2
3

0
o

-{
)2

-
·1

2
0

0
0

0
0

0
t 

0
1 

-.
1

9
d

5
2

0
0

0
. 

0
3

 
-

.b
4

7
l8

6
0

0
. 

o
~ 

-
.

9
5

2
9

6
6

0
0

· 
0

4
 

-
.

4
3

4
6

12
0

0
o

-0
2 

-
R

 
S

IG
M

.:.
 
~
 

S
iG

M
A

 
T'

-'
ET

A
 

S
 f

G
\lA

 
l 

u 
I<

 
.1

2
0

0
0

0
0

0
· 

0
1 

-
.

l9
d

5
2

6
3

7
t 

(1
':1

 
.1

5
 7 

0 
8 

91
 c

 • 
0

4
 

.
1

3
:,

14
9:

02
' 

0
4

 -
-

.4
3

4
6

ll
tl

h
-O

 
.1

2
8

0
0

0
0

0
· 

01
 

-·
1

0
2

3
1

0
9

2
· 

0
3

 
.;

.1
21

6<
+

45
, 

o .
.. 

.
1

. ...
.. 
7
9
~
~
4
 J

 
0

4 
-
.5

0
l1

0
4

9
ti

o
-0

2 
.

1
3

6
0

0
0

0
0

• 
01

 
-
.

4
2

0
8

9
2

5
9

t 
0

2 
.

7
2

9
8

0
0

6
2

• 
0

3
 

.
1
1
1
1
8
6
7
o

~ 
0

4
 

-
.

5
6

6
1

7
9

0
4

o
-0

2
 

~
-
9
,
C
O
O
O
O
o
 

0
1 

-
.

9
0

0
2

3
3

3
3

· 
'1

1 
.

3
o

4
0

5
2

2
2

• 
C

3 
• 

'0
:J

2
4

3
.)

1
, 

C
4 

-
.

6
3

0
1

1
0

3
:,

,-
o

z
 

.
1

52
C

O
O

C
O

t 
-O

l:
-
-
-

.-
34

2
5-

85
18

--
r-

O
l-

-
.-
'1
-5
8'
-2
--
H~
.-
Q 

-
.
t
t
-
~
4
2
-~

4
9
3
•
 

0
2 

.
1

6
0C

O
vO

O
t 

01
 

o
1

4
6

2
1

o
2

9
,-

'1
( 

-
.

20
1

2
8

2
2

0
, 

0
3

 
• 

>
 C

0
7

2
C

3
3

, 
0

3
 

-
. 

7
5

5
3

6
3

7
3

o
-0

2 

• ~ I ;t
 

I 0
\ "' I "' .....
. 



APRPL-TR-65-57 

o 
o 
• 

o 

s 
o o 
o o 
o 
o 
o 

o 
§ I 

»M rvj rgf|fvjrgr>jogrg(ijrgrg-g-w^jr J rg M rg rg rg CM rg rg  rg r 1 rg 
o 
<0 

rg 
i 

0 o 
1 1 

OOOOOO060OOOO 
1          1     1     1     1     1     |    1    1    1    1     1 

> O O O O O OOp OOO 
T1T1     1 

—i 1 •   » •    »•»••»»»**»• ^   *   *   *   »   » » » » . ►   . • 1 a| x> > -ort.-i^corgvOO^II'MOO > O O O O O X 0> rg O > . • >0 
1 i <o ^ r>-fiir><t<rg«<orwO>(MO(^rg( t 0 7> co tn 0 •# m 9 -. i\ 0 

«n u f^ IN »M(>fM(^rgOr»inr»i<r«-rM-H- • rg * ci a> -< D •x in in 0 c» r~ 
3 1 9. © <Or-ir<tir~iMrgÄ>rg>44)S4) 

r«-(<o*o«*ooii^»o.-M*. 
> -< «0 rg rg O O 3> « -t ^) if\ 

Z 
rv 

tr\ ~* > r- r- on «) as x> "* — c c > -< ^^ a> -o rg(>xtrMao>rtr^4)^ Or-t>0. i *-^ r** i*> 0* »n J> m 0 ^ r. ^ 
o O j rg «• Or-7>-Mrg«4)r^9>-Hrg^irtr ■ 9> O rg m in in CM 9 m > < co 

O »H i -4 wa ^H^-^iMrgrMrgrtargmmr^^t \ t*i * ■* * -t ■J m in <o r' r>- 
O o 

1 
• 
o 

P 
<• 

•    • 
1     1 1         1    1    1    1    1         1    1   1   1    1 

i    •   •    •   •    • 
1   1   1   1  1 

■  • •   • 
(   1   1   I 

1 

■   • 
1 • » o o Ml 

o o o o Ü 1 1        1 
o o o i -» -r ■j.r .»♦.»*.».r.»«.».».*. '■**■**■* -r -» * ^ * * o o » o o o O(>ooooo6ooooo< > 0 0 0 0 0 000060 o o o w o T 
o o o ■o CO *4 •   m •   »*•»•»»»•*»»» »   •   »   *   ^   • Nl •■ » ♦ • ►   • o M4 o r* (M OO opooooopoooooi > 0 6 0 O 0 *■ rg 4 9 0 rg 

O O m 00 c 1 ^ o m o • » ^ o o ooooooopooooo< > 0 0 0 0 0 < 
o> * o • s «^ * rg(rt(M4)(C<04>'V'M,M>0<r>r>>r - C- IT IO 0 a z « rgen 0» •■ »> • • o o rg -•  OD «^^•*0>Ot^0>>i)r-(MOfM<0( \ rg m ^ ^ (M 0 CM <0 •« O 11 — 

1 in oc »M ■—t f^ 4^ p-><oor-o*'<+i<»>iBin*if»< > if> «■>(*> ifi O (T, rg  O-   —1 p ^ 
CM Ol <o U ») O & i>pf^r-c0(OOO'-|'\i-J-0D< > (Tl 4> 9.  CM <0 Irt CD  O  -»   -»   -f   J 
3 < • & fw >Oi<-»«^rg—'Op^»r-Oif>i \ .* cn (M <M •-< r- -O in ^ c» rg 
z < 

3 
z 

fM 
o S 

%        0 

111 11 11 r 11111 
>  00 QD 00  O (O •     ••••• 

1     1     1     1     1 

r^   r-4   «4    r-»   M   f~i 

1    1 
O rg • 1 
o O o •> 

^Jrfr>(r>n*-*i^V»^,»*. I f» o (M •» .» •»•»-»** •9  4 C^   c^ <f> ^ • » o o 9 OOO0OOOOO00000O< 3 O O O O O OOO OOO 
o O o O < . I  < 
p O » o <o >- »   • »«>»»»» »■• •   »   »   » »   • 
o o o o ^ UJ o o OOOOOOOOOOOOOt 3 O O O O O UJ O in in K q* CM 
o o o -» o I o o OOOOOOOOOOOOOC > O O O O O X 0 o> m 0 in <o 
o o o * f\ »- vO r^ aorgoOOO<0'M'0-»-<Oao< 3 —< <0 O 0> * »- rr> -t (*>  rr, ~l ^ 
o •» o • o> f- ^ >X)(*^tf^^H•-HOOo»aooo^'^^•, ■• 0 CM ^ a> in •f «O CO  O it' <-" 
o ♦ o t • < ~< OO 0>il>(^<»>r>-a3'-<O>/>gji*>r^Of g -» rg «O r- in < 1^ CM O  O ♦ 9 «*> -H o M z c m »H«)if>0'<Oi\i<nf"f\.,"rg^oaa<o<«>Ofw z » m r- 0 •♦« CM • • m o t*\ o O (»> P-O^r-Ch^O-Crg^j-OOr |g c^ 0 0 m O O in -< .0 rg rig g^ 

1 • -< 
l« 

m rg r-H^-t^r-fr^^-tr^ng^f*-,^^^., 3 ^) r- r- ct !J- 
»O 

< 
• 

rg 1 1  1 1     1 1 1 1  1 * r r r r r m       w 

z < UJ   1 o 
1 r»- 

1 

i » O f^ fi fM(Mf>irNif\irsjfNj#^«-Higrsjfsjrgf g C^ C" fr« c^ «^ in en CM   CM p CM 
r- sO P4 o vO O O ocooocci>ooooo< 3  O O C O r. OOOOpO 

1 o o O   1 o » o I . L  1 
o cr» »   » »»*»»» »   •   •    • ►      • 

m » • o o> • n J     oc o o OOOOOOOOOOOOOC 1 0 (. 0 0 0 a CM "H r» r- ^> en 
o o o o m* vD C ) o o OOOOOOOOOOOOOC D O O O O O a« 00 r> en eft 0 

t«- CM r» 0 P r~ o o o ■ o •* * < o o OOOOOOOOOOOOOC 3 O O C C O < 
o o o * r~ IT- '    I o o OOOOOOOOOOOOOC 5 a f^ !> en ^ z tn en * en rf en 
o o o •* r» O r- ■    o o o ^«ifiiOfrirgiroog^rt^^r •■ CM »i r>- ^< ^ V3 •x 0 o> <o lt> 0 
o o o • ^^ <r> >< >     — o -^ <^0>00erim>o^)^0>r-m»» K •* ^- -« -< * 4> O « r> CM r> 
o o «r» 1 Cü r^ if »     if) O 1^ 0—'f^-»f\)Cor\jr-^-i^5o>omr n 0 «M m r- 0 1/) 0 ^H ao en en en 
m o •M < • rg > 

1 
-^ o •^(Mrgrgrgf-i>H-tf>n<-4m4<Oa 0   rl   ft —t   wi P»l rg ^ ♦ ^ c S  fl 

^4 

• <>• • • UJ «M • ■^ 

•     • 
1     *****   ;    1    1    1    1    1 * r r r r 111 r 

z —> 1 i/ > 1 

fM rg o *-  , VJ ry «< 1 1 
UJ o K o CD > 

1 

r~ r-   . ^ fM 
r- 
o •O 

O o 
* 

o 
• 

o 
1 • 

• o 
• 

; 
i-t     • o o OOOOOOOOOOOOOC 3 O C O O O 000000 
rg    O -» o 

o 
o 

o 
o 

rg : • 
o 
o 

o 
o 4 o o OOOOOOOOOOOOOC 3 C C O O O 000000 

o m o o r- rH a o o OOOOOOOOOOOOOC 3 O O O O O 000000 
•   o CO o o o rf> H ■     o: o o OOOOOOOOOOOOOC 3 O C O O O a 000000 

O    O r^ in o i*> ^ 1/ > o o OOOOOOOOOOOOOC 3 O C C O O 000000 
Z      IT <o rt « 1 •o o o * (OCM<00 ^»r^<00 -J 'O rg ^ ^ > ^ a> IM <o O 000000 

«   • eg r< f • •■* J vr> ir> in43vor-r-t^ocoDO<aa-oo- 1 ^H _• rg rg m en ^ o t^ m en 
tu      •   , • • • • 4 ' t-H  »M •-4i^i-l)-4r-<i-ll-lf4>H)-li-)CgCMr g rg <M CM IM CM CM en en ^ in -O 
«A 1 

o 

9* 1 

4 

• ^^ ^ »^^^^^H^Hf*f-^^HP^»-^f^F4^H^ N   ^^   f* ^H   i-i *^ «-t »H FH ^g ft FN 

U 
t-4 

CD i 
•    • • 

128 



1 

APRPL-TE-65-57 

o 
o 

o 
o 
o 
o 
o 
o 
o 
• 
I 

m 

Z 

o 
o 

o 
o 
o 
o 
o 
o 
o 

z 

o 
o 

o 
o 
o 
o 
o 
o 
o 
m 
• 

z 

o 
I » 
o 
o 
o 
o 
o 
ev 

<» • 
I 

rg 
< 

O 
I 

o 
o 
o 
o 
o 

o 
o 

o 
o o 
o 
o o 

• in 
I      -^ 

< 
< U.I 

o 
c 
o 
o 

•     o 
O        9 
O    ,      TO 
o      -• 
o       • 
o 
O   1    O 
•n ,  or 
o 
• 
3       O 
Z        I 

o 
o 
o 
o 
o 
o 

• 
I 

i3 

O 

>0 »HO 
o o     o ! 

o 
•   ■  ■ •     o 

O   i o o      o 
o     o o     o 
o     o o      ■* 
o      o o      -» 
o     o o       • 
O         O OQ           t 
in      O 'H       < 
•H     I   «^ -<          )— 

eg 
rg 

O 
z 

tu 

o o o o o 
o 
in 
<» 
• 

UJ 

O 

•-<      rg 
O      O 

I 

o 
» 
o 
o 
o 
o 
o 
o 
o 
rg 

i 

in 

o 
00 
rg 
• 

rg 
rg 

O 

rg 
ao 
O 

O .n 

o 
■a 

»     o 

^       • 

r- o> 
f- O 
—<      in 

•      rg 

rg • 
-"       I 
U       rg e 

o 

I 
rvj 
O 
rr 
in 
oo 

m 
oo 

rg 

O 
O 
O 
O 
O 
m 

o 
o 
o 
o 
o 
o 

->    « 

O 
o 

rvi 

•O 

g^ 
•» 
cj <—» 
• 
I 

CD 

rgrvjrgrj.rgrgfMfsjrgrL'grgrg.-vj'vir j rg fg I>J M rg 
ooopooooopoooooi ) o o o o o 

1 1  1 1    1   1   I   I 11(111 1  1   1   1   1 

a pgr»jrg.<rH.MOC)OJ>9<;y'»»1 } r- r^ r- f»- o 
O'mof'rgffiorgo^i^^tfO'^f'ir • l*> r- rg ^)  ^ 

3 ~l»a3.)Or-Of»-c0^or\ir.io^ f in O "H O f~ 
■4 it» •* .■ l^  «JOOOP^OD^^or fc. (», cr> ^ (o rg 
mfTi^*^  j- xi in in J-i ^  i»,»<f,*(ric^rgrg-<« 
(\JX)-»O-OrgX)^o43rgQD-JO0 J » * O <0 rg 
00 « 0> < 30-i^rgCifrit  tfin^Ol N f*-   (0  o*  (^   O 
rgojrgmi^irifoir. (<i(tim<>>(Ti(»>r<i(i i ro i«i <n in .♦ 

•    1    ' 1    1    1    I    1 i   I   i   1   i 1   1   1   1    1 

\t\ \t\ its v \ if\  tT^iAiOiAi^t/ttl^tAiniAJ ^ in in in in in 

M 

O00<>000 0  0000000( > o o o o o 

OOOOOOOOOJOOOOOi > o o o o o 
«< «Of-inooinrg^jr-oomne* tg * r- rg O o> 

p in »n in o r- 5 in>f>-i)<«>i~<f'»90>oiS'^rg-»(><30 
co t -i o <o «rgoatocooaooaji! -i ng *  gj a  -. 
rg » o ( wa ^)MO<o<fior-^^a. ) m © r~- * rg 

I/» 0i4.o;£r^r-r-r>-4>< D -a m in in t 

< 
ac 
*-     a 
i/) 

_J 

K 

I       I        I I I        I       I I        ^        I       I        I       I        I I        I        I        t        I 

o o 

UJ o a 
I o o 
1— o ^ 

^ o> 
< O (> 
2 in <u 
O IO o 
•M rj(M 
t0 

Wt     -if     vt 
o 6 o 
• U » 
o O o 
o o o 
r»> C* '-• 
-o r>- f\i 
O IB P^ 
^-i * r- 
r-« m in 
f^ *f> (n 

•* -t -» 
O O O 

b -i <f ■* 4 ■» 
p o o o a o o o o o o 

o O O ü 
o o o o 
n (y -o N 
»—4 -» rg <t 
in rg a- m 
o <« in oc 
(D O rg ^ 
r'\ -» * vf 

I I  I 

«-H ** ^H rsj 
O O 
I • » 
o o 
o o 
c o 
c o 
o o 
O (^ 
o in 
rg (« 

rg 
O © O 

i 
»   »   » 
o o o 
o o o 
o o o 
o o o 
O 9> r> 
r^    ^)    r-< 

in »M o 

fM rg rvj -\j rtj rg 
o o o 

1     i     1 ??? 
k » » L > » 

ae ♦ O "v (^ <l o 
tr B (M r- C O 

^ f^ 00 f^ « .1 ^ 
rj m o in r i r- 
•M CD d» »-« a 
rg in j> % : P rg 
O r-l -M m i > ^ 
■» in « r^ 31 ^ 
• • • • i  • 

> 1 ' 1 1 

<ri m (T> <r\n\ r* 
O o ö oo o 

M » * ► - 
*M rg o-i X)'.' ir\ 

< « IT m •-< i.» in 
i m r-l D o -> m 
o « 0< 9* o< c« m 

c 1^ <n O.   r- 
i/i «n 00 .n OC    («> 

»> (- •B ^1 . > ro 

• • • •   i   • 

-» l«> (Tl en C^  1*1 
O r i o oA o 

-t 
►- » » * • f • 
UJ m iT IM 3« ii> r^ 
T O (N. X) in * r» 
t- n J) -» * « m 

O >» <3 o ^i in 

I   I   I  I 

i) m 3> iB •+ O 
in %0 m (B ly <0 
r- JO r- oj in r-« 
«-< ^   m  r-« A ^l 

I I   I 

ri rg rg fM rw i»i 
o a o o o o 

o o c 
o o o 
CD O C 
O O O 
l»i o< c 
^i <yi m 
O in -< 
iNj nj fi 

OfcOOOOOOOOOCJC 
OOOOOOOCJOOC'OO 
ocooooopocc cc 
cooooooooooom^ 
—* O* j\ r- t~   4   0 XJ *0 0   <X3  4  rv 
o>f>-0(»ioo.N^ininr^^)in 
lü iNi JU in CM O -o "i -< (^ O ^' rv 
«*l<f-»m^)^)r»«)C>0<i-i»-ii-i 

i 
* rg 
rf rg 
rO rg 

O rg m « o> * rg 
-• in IB 0» B * rg 
»/) rg « rg ^ l> rg 

.~< ro (>i o ^ rg 

a •-< ai !B ^ 
CD in —< O 

^ m fsi in ^ 
l in r~ o o 

I   I   I I    I   I    I   I   I   i   I   I   I   I   I   I   I   I    I 

OOOOOOOOOPOOOCOOOOCUC o o o o o c 

COOOOOOOCOOOOOOOOPCOC oooooo 
POOOOOOOOOOOOOOOOOPCC oooooo 
oooooooocooooooooocoo aoooooo 
Cinoinomoinoinoinomoinoincinc oooooo 
i)rti»i*«oh-a>iji>j«»>iniO»o>'H(M4(nr-«o oooooo 
ininininininin<CiC434)<c>o>D^r-^-r~^-^ac a, rg .o   j ,j ac 
•-lr-<»-l*H»-4fM#-Hf-<i-Hf^f-H*-^f-lrH#-l»Hf-g^^f-l^^i-^ «-HO^iOr^OC 

129 



AFRPL-TR-65-57 

o 
o 

o 
o 
o 
o 
o 
o 

I 

o 
o 

o 
o 
o 
o 
o 
o 
o 

o 

o 
Ü 
o 
o 
o 

z 

o 

o 
I • 
o 
o 
o 
o 
o 

• 
I 

< 

O 
I •> 
o 
o 
o 

18 

I o 
O  I o 
o 1 o 

o 
• o 
o o 
O o 
o 1 - 
o  j o o 
in 

o 
z 

(M 
o 

I      ** 

o 
r- o 
o     o 

o 
• o 
o o 
o ^ 
o ^ 
o • 
O   1    I 

UJ 
rg 
O 
I 

O O 
c c 
O I o 
o o 
o o 
o o 
iTt , O 
** N 
• i    • 

»M 

<* o 
o o 

o 
• o 
o o 
c o 
o « 
o * 
J • 
O I 
CM < 
•^ t— 
• UJ 

X o •- 
Of o 

o 
» 
o 
o 

* 

i 

O 

* 

•t 
o 
o 
s 
rg 

O 
O 

1» 
« 
O 

o n 

o 

Pvl 

oj oj . g r a %) 

4 
000 
■ 11 

$ o 
I 

oooonooo 
1   l   1 1   1   1   1 T 

O 
I 

A   ^   r«l (t> »    O  S  »   -4 00 O -< < "> ^ 
in -< ^) <■> rvj 
IM iD —< »M >0 
CO 9« O 
44)l)<t>rgir)>r«4)r-<Dau09« 
a>9>o>pooooo6ooo 
O -< rsi  iiA^or^D^O—'iNJ1^ 
rgn4rg«f|(\jr>jrsjf\jrg(t>r>OfO 

t -0 O <6 >n in 0> 
r» ^ r~ m IT» (Vj * 
r-« (tt   (^  rvj vTv   kfN ^ 

h- ** i\ 

•   • 
I  I  I 

it\ *[S J\ 
000 

I   I  I  I  I 

I f\ J\ ii\ *t\ *f\ 
00000 

1 • I 

O -4 
IN» > 

f» 90 

t   • • 
I I 

* \f\ it\ J) tf\ il\ 
• o o 0 o 1 

ooo^oooooOooooo 
OO(vjti-rr)><»i0^f)o-»«-<OO 
<no>J>o>0'^f~'Mr-'M>o<>'M-* •/> 

„ rg(>4>it>ooOiMvOO<l)r\iO>sor>-r-- 
•-^r«-'^»t\o ^jjM^-iKioOinoin 
i/i r~4)^>>o^f .»mcTiiM(Si>-«<-«ooo> 

< i o 

1  1  1   I   1   1  t  1   1 
1 

rimo.».*.»,»-»«» 
oooocoooo 

-a 

1   I   1   I 

J ^ ^ ■» >t 
o o o c> o 

iAj  rsj rvj  rvj 

k • •  • 

rg rvj (NJ 
O 
I 

OOO 
■o ■* <* 
& tf\ 1*\ 
.*•<>> «M 
O O) 00 
000 
(^ o •-• 
f^ ^ ^ •   •   • 
• I' 

(A IA (A 
OOO 

OOO 
o « ^ 
» — « 
um« 
-o ••< <o 
n » f- 
OOO 

l|\ iT 
O O 
•   • 

O o 
•o * 
•n 1» 
— <0 

»^ -u 
o o 

■  till 

00000 

Lu OUOOOOOOOOOOCIO 
IÜOOOOOOOOCOOOO 
1- ooo-^^o^^fM-Jooor^ 

< >o<ors-<org>coooiD4'0*f,g<f 
JE. i-iijNtoOOr-in-Jrg^r-  •»•M^ 
O \OrgrHOc*^r»-Hif>(j>(M^O-tf»- 

^ 

0000 
0000 
if» O <x> r\i 
O m O <» 
vO O "1 >» 
»O (*> ^ in 
IM  «O  O»   1*1 
O •o vO r^ 

rg (M >j 
OO p 

1 1 T 
► • » 
♦ m I>J 
■# 0> (M 
J» -< f- 
IM >r> ri 
(0 i0 IÄ 
O J> « 
»^ (M (« 
■* \t\ 4) 

■ I IM 
<p O 

I 

I    '    I     ' 

OOO 
o -« o 

if» r ■ m 
1) -o 
c> m 
0 r» 
«t iT) 

•   • 
I 

♦ en m <*\ r \ (^ 
000000 

ISJ      •     »     » 

il\ in (h (*» 
m 00 rg d 
M co r«- ■> 
■t -t 9* J> 
••* -> a o 
« O > o 
•-* O O 1^ 
■*< » r~ ^ 

<t <•* (O rg 
O O O O 

rg 
n 
rg 
<o 

CO 
rg 

O 

■»  ^ 

I    I I I     I    I I     I    I     I 

4 
a 

■0 
•o 
o 
o 

I 
rg 

w* ** o — —> -^(^J'V^J^^lr^J(^Jrgr\J 
C OOCOOOOCCCCOO 
I    I 

I   I    I    I    I    I 

nj rsj (*i i^ <*i f*> 

"A O O O C fc 

tM «0 <0 O X«   . 
T ^ 4 « r> -H in 
*• r~ O -O s\ rl 4 

<• m )•> ^n (f\ rg 
< O ■« ^ 1^ rg eg 
S.  O «»i r«i C5 <*« in 
O '0 O rg  A p <0 
■-• >M »-< * r> in t> 
t0    •    .    .     .    • . 

• I • 
n f* r* *i i\4 rr\ 
C OO OO u 

I 
(M 
o 
I 
♦ 

•o 

(7> 
v0 («^ 
-» 
O 

< 
> o 
I/) 

coo 
CJ o o 
ceo 
000 
ceo 
OOO 
o o 00 

0 o 
o o 
o o 
o o 
o o 

O O O Ü O «5 
O O O O C' o 
c c c c c c 
a o u c c o 
O IM <M rg ^ in 
O  J> J> r- (\j .0 

r-f^r^rg^mcr" 
f-* «O ^ rg ii\   ü ^^ ^» IM r    r" 

OOO 
OOO 
OOO 
000 
r- «n r- 
r- O fM 
m .» .» 
■3 Jy 4> 

OOO 
COO 

OOOO 
OOOO 

O O o c o c c 
o o o rg ^ in »-• 
•4 it\ (*» >— t*\ r> C 
,0 ••■ in o (»> '-  rg 
^ in r* ^H pg <•> in 

I   I    I   I    I   1 I   I   I   1   I   I    I   I   I   I   •   I    I 

a c a o ^ o rw 
r- » \r in * rg 

<  -J * «x r» r»- rg 
>   -< •*) -*  <r i> rg 
O C d O <«> Ä Pg 
»i rg m to J« «C rg 
i/1 in o r»  * ^ rg 

P« •-■ r>- s A r>- 
•   •••«• 
I 

r-   . f«. »1 CM ■      o i0 
OOOO o 

1 • 
pi      •   I   • ♦        • j i0 • 
rg     o      4 O O ,       m rg 

O    ' -* O O O ^ 
or- o 0 <o >0 
O     in O o r- -< 

•     O     eo O o| o in 
O    O     r- <n o m 4 
z    in    <a •-• <o <o o 

^     nj »< r» • ** 
lu      •   ,   • •       • • 
irt                                1 -H I 
<       ^1        « — QC #4 ^ 
U     UJ      O K O U (0 

< 

j 
< 

< 

t ooooooocr cccoooooooc 

CO OOOO OOC CCfOOOOCOOCO 
CCOOOOOOCCCOOOOOOOOOC 
CCOOOOOC OCC. OOOOOOOOOO 
c inotncinotnoircmcinoinoinoino 
<.^^^ln^-olMlnr,' nc^inf'oiMinf^oiMinr^o 
inininin<o4>i£iC('-NF>'^(oooooisoio«o>9o 

000000 

000000 
c o o o o o 

or o o o o o o 
c o o o o o 
000000 
O 4 « rg « O 
rg *•> 4 1O r* o 

130 



AniPL-T»-65-57 

c 
o 

•> 
o 

(0 
o 
» 
o 
o 
o 

o o 
o 3 

ll i 
1 

o 
o pgpgpgii|pg>j  >4r\j."\jr^jpgpgrgrgrg-jgf>ji-\jrgi>jpg pg pg (M Pg T» M o pg OOOlbOOOOOÖOOOOOOOOOOO 000000 

i >o 1 • iiiriiiiifiiiiiTiiiii 1  1  1  1 T t 
rH »«»U.   ««•.»!►«.  »,»t»»»»« *     »     •      •     k      #. 
• ae .»• O iri O >/> -<   o-^-Ortgr-cgl^mjoiriOOOOO 0C  1« rg rg f-t cs 0 

B -H 0 'A -M a 
j m 1 v^ J o i«> o> in * Hi > 
, 2 ^ 4) I-I I-I m 0 1 z 

i _ o 
r«- 
o 

^oo ^ Ö u> o ^ 0) rgii>ao>H(^*<olt>P-t^r»f>-<0 
o«inpg^i>.MJO.t'^ih<*>0<Opgao#04)rgao^ 
Opg-*J>p»* o.>j'*ihr"^opg<^if>p-«»0'-<<o 

« -^ 0> Of« 0 
♦   O -H   -<  «   * 
<« if« « r- rf » 

' o •-* .H.H^.it^.^oirgrgiSjrgpgmmmmrrim.t* ^ * in <o r~ « 0 
1 c o 1 * • 

t i i   i i i i 11 111 * i r 111 r i 
'I                                              1 

•    •   •    .   b    • 
1 o •o 1  *  M j • » » i o o mt 

o o o o ll\ 
iAir>iniriir\u"»j>injiJi1Air>iA.nif<iK,»-*,*-*-» 

1 
o o o * * ■♦ ■* l»l «f «*» 
c o * o i ooooooooopooooooooooo 000000 
o o o en o 1                                                      '                                       t 
c o o ff> m l>* »    •    •    Pi*     *     *     *     »p     »•••»»•••»• IM    •   •  •   • k   • 
o rg o «4 »M 000600000000000600000 0 pg m Ofii -^ 
o 1« o • • 4( «r»o>ihpgtnoo-»]><oinpgini^oooooo 

p-*»NPg«O0«pgO«^O-<(npgi'go«or».pg 
< « » <0 r>- ^ ^ 

0« »■ o 5 Z «»> in ^ CM« ^ • • o o »NJ 0<o<9^>o<o<or^rg»coc<*oo«omr>mOr<- 0 pg eo in pg 6 m 
1 in QC pg »4 »—• ^ <y> (*> oo 0« P" 

OJ fNJ « u i4 *«^pgfiOJ»«r»-*ih^.^pg-<Oi»*«(>pgir> 
-H^^.»<^ooooooooooOi>aDr-r^<o 

1/) 0> ao O «^ (•> 

2 < • 1 «0 ^ 0 mrf <♦< 
z < 

3 
z 

pg 
o 

1 
«0 
o 

^rrj^-rt^^ttt^tr;^" < o> 0> 0> 0« 0> •M »H r4 CO 4 >n 

1   1   1  1 1  1   1  t   1 1  1 1 1 1  1 1  1  1  1  1 
o pg • 
o o o » ' 

1 h- o pg «f-»J4^«^(^l^<^*4^4<»^*-***»4 •* (•> O Oi m O 
» » c o a OC0900000000000000000 000000 
c 
c 
o 

o 
o 
o 

o 
o 
o 

o < 
—■               &             ^           ^k            ^              ^              ^             ^k              ^            ^              ^             A          &            ^             ^           ^K             A            A            &            A             A 

<                  1 *~   ••••►• 
UJ (B 00 4  4 9 9 o OOOCOOOüOOOOOOOOOOOOO 

o o o « o z OOCOOOOOOOOOOOOOOOOOO   1 I <-" ■-< p- •» -f * o o o * if\ H «*pg<'iinoooo*-<0>ir«pgt~J>or,~fo«»>^ (_ « p- is .» rii .0 
o * o • » r,"C<o<(>(0»o<,g<«>«,>o«oO,rg4)'-«(7>o<»^i-«<«>o> 0 « -< f»«>J CO 
o •» o 1 • < 'HO«MO'<»»«»>-«^<00BP-l^*Pgii>^'Mil>*O> <  O 0> »H <t ■# <0 

S .* p- m O <*> -^ ««> ** o Nl z .» 0 «o «^ 0 ^- io^> aon>-h>^i^iO>/N<*>'40>4>mo> 
• • 

1 
o o o-»t~-<iAP->f>if><Oii>'^r»<^o>g>>i«r*pgoo-»o« ' 

^i^pgpgf-iaOpgwo^iHrMPgc^i^^inin^^^-P"   1 
0 P- 0 0 « 0 -0 
— -« o> ■» <a J» 0 

i-< #-* '    • \J tf) 1/)   •••••• 
Zi < pg 1  1 1 1 1 1 1 1 1  1 1 1 1 1 

1                             i 
1      1 

z < UJ o I 
o 

j 1 • ^«MrviOjpgpgpgpgpgAipgpgpgOPgPgpgpgpgf^rPi 1 (*• pg pg pg »ij pg 

c o o 
o 
o • o OCOOOüOOOöOCOOC60OOCO; •# r T 1 

c 0 0 c 0 0 

• » • o 
o • <> i    a OCOO O OOO  CJOOÜOC OOOOOOO   , 

•   •   •   •  •  • 
O- iri J rg O « (^ 

o o o o ■4 •0 c OOCOOOOOOOOOOOOOOOOOO   ' ao p- pg •» « 0 
o o c o <? <0 1 < OCCOCOCCOOOCCOCOOOOOO   , < C C pg nj W 
o o o « p- 0> « z OCOOOOOOOOOOOOOOOOOmo Z 0« p- rg o0> <»i 
o c o •* r- o f\ I    o Ooi<n<ocopgr400P> 4<pooO'SiAm»o>4>m O «^ 4 >0 Pg O O 
o o o • f* >f» 1" •-• oo»>f>ao*j«^--»oifi'-«p»i*\0(><?>f~'\iif>'M'^  ' •- p- 0 * so ^ "■ 
o o !•> 1 pg t» « >    *n «Jpg«r>'<P-'^i,>i^-«<0O'<'<«*O«0aB0>»H<,> «/) «^ m r- m K\ s 

• 
o 
• • 

< 
UJ 

• 
CVJ 

pg 

• f 
4 

Pg^pg(n«^.»,»,».»(H(»>fg.*«-«lP>.»««0-<«-i   1 -4 -< P-   00 US -4 
. » . • . 

1   * *     1 1 1  1 1 1 1  1 
I *4 1 «e 1 

IVt rg o ►- u pg f 1 1 
UJ o QC o o t 

1 
,                                        1 

t- r«- P4 pg o 4) 1 i i c 
• 

o 
* 

o 
• 

o 
1 

o 
• .» C  CCOOOOOOOCCOCOOCOOOp c c 0 0 0 0 

«M o 
o 
o 

♦ o 
o 
o 

o 
o 
o o 

pg * •     #    #     »    •    » 
<0 * OCOCOOOOCOOCCCCOOOOCO c c 0 c 0 0 

o Ifl o o p» tt OCCCOOOOOOOCOCOCOOOOO C O C CO 0 
• o oo o o o <f\ H ac OCOOOOOOOOOCOOOOOOOOO a 000000 

8 o r- >f\ o m 4 \t OCCOOOOOOOCCCCOOOOOOO c c 0 c 00 
IT -o w-t «o •c o u «a>NOO-faiN<i>u4aiiM4>04«ix<oo u c 0 0 0 0 
•» f* —1 f* • f-< - irir^o^j^-p-^ " ^»»aoo^^^MN«^ C P- >-" ifi o> w 

Ui • * • • • • < pg c m <o ^ o> 

< M f* 
^^ a 

^^ -< M 
^t   ^4   VH   pH vM   ^4 

yj UJ o a o u 03 < 

131 



i 

wmcos Pia ms EU», rmmrom wn mm). 

AriPL-TR-65-57 

. 
APPENDIX D 

CalcuUttd StrcttM In Coaposlt« Cylinder! with 

Pyrolytlc Graphit« Coating on th« Outald« 

. 

NOTE:    So« Appendix P for definition! of ayaboU u««d in thi« Appendix. 
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APPENDIX D 

PHYSICAL PROP HIT IES  INPUT     \TA 

PyrolytJc Graphite:* 

Molded Graphite: ** 

Young's Modulus E 
a 

r: 4.5 x 10° psi 

Young's Modulus E 
c 

3 1.5 x 106 psi 

Poisson's Ratio v = 0.90 

Polsaon's Ratio vca = 0.30 

Poisson's Ratio 
"aa - -0.16 

Shear Modulus G 
a 

= 0.2 x 106 psi 

Shear Modulus G 3 2.68 X 106 ps 

Total Thermal Expansion    or AT    ■    -0.00144 in/in 
8 

Total Thermal Expansion    Qt AT 
c 

•0.0432 in/in 

Young's Modulus E ■ 1.5 x  10    psi 

Poisson's Ratio u - 0.35 

Total Thermal Expansion    o AT = -O.0046 in/in 
a 

Total Thermal Expansion    or AT ■ -0.0070 in/in 
c 

* Reference 7. 

** Reference 9. 
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AFRPL-TR-65-57 

APPEMDIX B 

CALCULATED 8TRB88BS FOR VARIOUS 

TYPES OP SUBSTRATE GRAPHITE 

MOTE: SM Appendix F for dafinltlont of lymboli uaod In thi« Appondix. 
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IWVlUUa MOE MAS RUMC, THtPBFOFl KT rilMD. 

AFIPL-TI-65-57 

APPENDIX E 

PHYSICAL PROPERTIES INPUT DATA 

Pyrolytlc Graphite:* Young's Modulus 

Young's Modulus 

Polsson's Ratio 

Poisson's Ratio 

Polsson's Ratio 

Shear Modulus 

Shear Modulus 

Total Thermal Expansion 

Total Thermal Expansion 

Molded Substrate 
(ATJ):** 

High Density 
Substrate  (ZTA):' 

Young's Modulus 

Poisson's Ratio 

Total Thermal Expansion 

Total Thermal Expansion 

Young's Modulus 

Poisson's Ratio 

Total Thermal Expansion 

Total Thermal Expansion 

Ea 
:= 4.5 x 10" psi 

E c 
= 1.5 x 106 psi 

üac 
0.90 

uca 
0.30 

uaa 
-0.16 

G 
a 

0.2 x 106 psi 

G c 
2.68 x 106 psi 

Of AT 
a 

-0.00A9 in/in 

a AT 
c 

-0.0500 in/in 

E 1.18 x 106 psi 

i) 0.35 

a AT a 
-0.00772 in/in 

or AT 
c 

-0.01029 in/in 

E 2.09 x 106 psi 

V 0.35 

e^AT -0.00587 in/in 

or AT 
c 

-0.01827 in/in 

131 
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APPENDIX E (continued) 

Molded Fibrous 
Substrat« (PT-0114) 

Extruded Substrate 
(Speer 580): 

Young's Modulus 

Polsson's Ratio 

E 

u 

Total Thermal Expansion   or^AT 

Total Thermal Expansion   o^AT 

Young'a Modulus 

Polsson's Ratio 

E    - 

Total Thermal Expansion    c/ AT 

Total Thermal Expansion   or AT 

0.30 X 10" pii 

0.35 

-0.00528 in/in 

-0.00714 in/in 

1.5 X 106 psi 

0.35 

-0.0005 in/in 

-0.008  in/in 

References 7 end 8. 

Reference 11. 

Reference 10. 
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APPENDIX F 

Nomenclature for Cooaputer Print-Out Sheets 

1.    Pyrolytic Graphite Properties 

El 
E2 
NUl 
NU2 
NU3 
Gl 
G2 
AA1 
AA2 
Cll 
C12 
C13 
C22 
C44 
Bl 
B2 

• Young's modulus, ••direction,  for pyrolytic grsphlte, psi 
• Young's modulus, c-directlon,  for pyrolytic graphite, psi 
- Poisson's ratio, c-a direction,  for pyrolytic graphite 
- Poisson's ratio, s-c diaction,  for pyrolytic graphite 
- Poisson's ratio, «-• direction, for pyrolytic graphite 

• Shear modulus in c-direction in pyrolytic graphite, psi 
• Shear modulus in «-direction pyrolytic graphite, psi 
• Total thermal expansion in a-direction In pyrolytic graphite, 
• Total thermal expansion in c-direction in pyrolytic graphite. 

inch/inch 
inch/inch 

> Derived elastic constants based on property input (Bafereace 1) 

2. Substrate Properties 

E • Young's modulus for substrete, psi 
NU • Poisson's ratio for substrate 
GB - Total thermal expansion in radial direction for substrate,   inch/Inch 
G THEXA - Total thermal expansion in hoop direction for substrate,  inch/inch 
GZ • Total thermal expansion in axial direction for substrate, inch/inch 

3. Dimensions 

BI - Badlus at free surface of pyrolytic graphite coating, inch 
BO - Radius at coating • substrate Interface, inch 
BG - Badlus at free surface of substrate, inch 

4. Output Data 

B • Local radius, inch 
SIGMA B - Badial stress, psi 
SIGMA THEXA • Hoop stress, psi 
SIGMA Z - Axial stress, psi 
UB - Raf!ial displacement, inch 
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INTRODUCTION 

During Che program described In the main body of this report, five 
subscale end four fullscale pyrolytlc graphite coated nossles were motor tested 
vlth an advanced high performance propellent. These firing tests dmwnstrated 
that nosslee of useful else coeted with pyrolytlc grephlte can provide good 
performance under severe service conditions. Although feasibility vas clearly 
demonstrated for pyrolytlc graphite coeted nossles, further work imuins to be 
carried out in several areas to fully exploit the capabilities of this unique, 
lightweight nossle design. Optimisation of the coating-substrate composite 
for maximum erosion resistance is needed. One of the facets of particular 
interest is an investigation of the restsrt capability of pyrolytlc graphite 
coatings. 

Restart capability is of such current interest that Atlantic Research 
Corporation requested the permission of the Air Force to Include an additional 
firing test in the current program in which a subscale nossle would be re-fired 
in a second test. Permission was granted for this restart test and this ad- 
dendum documents the successful completion of this additional task. 
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RESULTS 

The pyrolytlc graphic« coated insert selected for the restsrt test 
«as the insert first tested in firing BPb-6.    In this first test an erosion 
rate of 0.64 mil/sec vaa measured for a firing duration of 37.3 seconds at an 
average notor pressure of 530 psi.    The insert sppsarsd to be in good shape 
following the first teat and Microscopic examination revealed no delaminatlon 
flaws before or after firing SPb-6.    The coating on this insert was the first 
prepared on the fibrous graphite type of substrate.   Careful mscroscopic 
examination of the aurface of the once-tasted coating indicated areas of 
surface roughness related no doubt to the fact that the coating quality had 
not been optimised for this system.    A close-up photograph of the coated 
insert after firing SPb-6 and prior to the restart test (firing BPb-10) is 
shown in Figure 34.    Nevertheless,  it waa concluded that this insert was 
suitable for studying the restart behavior of a pyrolytlc graphite coating. (C) 

The once-tested insert waa aaaembled into the standard aubscala noszle 
unit (see Figure 15).    The ATJ graphite and edge-oriented pyrolytlc graphite 
entrance piecee were alao re-used from firing EPb-6.    Thus,  the entire nozzle 
contour from an upstream area ratio of about six through the throat region wes 
made up of components which were undergoing restart opsrstion.    Several of the 
back-up and inaulation coaponente were replaced only beceuse of mechanical 
damage during dieaaaambly efter firing IFb-6 and before plane were mede for 
the reetert test.    Overall, than, the restert teet wes a good teet of all the 
critical components of e pyrolytlc graphite coated noszle.   (U) 

The restart test wss firing SFb-10 snd consisted of a IS.l-second 
duration test at sn average motor pressure of 532 psie with 6550'F propellent 
(AP0-112).    The firing was a complete euccees with an average erosion rate 
based on before and after teat meesurements of the throat dlemeter of 0.53 
mil/sec.    The throat waa somewhat oval after the first firing with o difference 
in the maximum and minimum diameters of some 20 mil.   After the second firing 
the ovalnees was still the same which indlcatea no further selective erosion. 
The motor preesure-tlme trece for the restsrt firing BPb-10 is shown in Figure 
35.   A close-up oblique view of the nozzle throat region looking from the 
entrance end is shown in Figure 36.     (C) 

Microscopic exemlnatlon of the poliahed cross section of the coeting 
after ita eecond teat revealed no change in structure end no delaminatlon 
flaws.    Thus, no degradation of th« coating quality was vlalble after either 
one or two firing cycles.    The remeining coating thickness at the edge of the 
coated eection, where it wes thinnest initially, appeers inaufficient to allow 
further tee ting, but the cumulative firing time on this insert la already 52.4 
seconds.     (U) 

The erosion rate observed in the eecond firin« wee somewhat lower 
then in th« firat teat.    However,  if an induction period of only about two 
seconds prior to the onset of eroelon war« essumed, the eroelon data would 
be comparable.    It la Indicated, therefore, that the repid heating of the 
coating aurface preducted by thermal anelysis la consistent with the experl- 
mental data,  (u) 
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Figure 34. Macro-View (3X) of Coated Insert Prior to Restart Test. 

183 



An^L-H-65-57 

CON IFIDEN1 riAL 

^ ^ 
y 

/ 

■^ 

/ 

, 

' 

> 

i 

\ k. 
— ■^  , 

«6107 

m 

o 
0) 

I 
W 

u 

IS 
Ü 
00 

if 
■2 

hi 

I 
a> 

ao 

m 

I I 
i|fd— 

§ 
sHansHd uoxoii 

CONFIDENTIAL 
IM 



AF1PL-II-65-57 

Figure 36. Close-Up Oblique View of Nozzle (from Entrance) 
after Restart test. 
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OOMSUMXCn 

Th« rMults of th« work doacrlbod in th« main body of thit raport 
dMonstratod that pyrolytlc graphlt« coatings which ara fraa of dalaaination 
flaws can provido good nossla parforaanca. A sacond firing taat of ona coatad 
inaart daacribod in this addandua daaoaatratad that such a nossla can with- 
stand raatart aarvica conditions, lha coaplata critaria for suitable restart 
parforaanca and tha duty cycla lialtations could not ba dafinad by a single 
taat, but tha successful parforaanca of tha inaart in two firings proves that 
pyrolytlc graphite coatad nosslaa ara good candidataa for raatart operation. 
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I»   ABSTRACT 

Pyrolytlc graphite coatings have been found to be highly erosion resistant 
under severe rocket nozzle conditions. The objective of this program was to dem- 
onstrate the feasibility of such coatings for nozzles up to 2.3-lnch diameter In 
firings at 700 psl with a 6550*F propellent. This objective was accomplished. 

Stress analyses and thermal analyses were carried out In support of the 
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Nine motor firing tests were made and good performance was demonstrated with 
both jubscale and full-scale nozzles. The presence of microscopically,observed 
delamination cracks was found to destroy the integrity of pyrolytlc graphite coat- 
ings during nozzle service. For coatings without major cracks coating integrity 
was achieved, however, and erosion rstes of acceptable magnitude were measured for 
subscale nozzles for durations up to about 40 seconds. In full-scale nozzles 
satisfactory eroaion rates were measured for firings of durations up to 60 seconds. 
Optimization of the coating to provide mlnlmua erosion rstes should result in still 
further performance Improvements. 
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